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57 ABSTRACT

The present disclosure provides a catalyst composition for
ethylene oligomerization including an imino ferrous complex
shown in Formula (I) as the main catalyst, an aluminum-
containing cocatalyst, water, and an organic solvent:

@

According to the present disclosure, a higher oligomerization
activity can be obtained with the catalyst composition than
with a catalyst composition system in the prior art which
contains no water. Moreover, when the catalyst composition
according to the present disclosure is used, a high selectivity
of a-olefins is obtainable. Besides, the catalyst composition
according to the present disclosure can enable rapid initiation,
stable operation, and good repeatability of the oligomeriza-
tion reaction. According to the present disclosure, a high
oligomerization activity can be obtained even at a rather low
ratio of Al/Fe, or at a low reaction temperature.
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CATALYST COMPOSITION AND PROCESS
FOR ETHYLENE OLIGOMERIZATION

FIELD OF THE INVENTION

The present disclosure relates to a field of olefin polymer-
ization, in particular to a catalyst composition used in a pro-
cess of ethylene oligomerization. The present disclosure fur-
ther relates to use of the catalyst composition.

BACKGROUND OF THE INVENTION

Linear alpha olefins (LAOS) are widely used in a wide
range of applications, such as ethylene comonomers, inter-
mediates in production of surfactants, plasticizer alcohols,
synthetic lubricants and oil additives, etc. Recently, with the
development of the polyolefin industry, the worldwide
demand for alpha olefins grows rapidly. Currently, most alpha
olefins are prepared based on ethylene oligomerization. Com-
mon catalysts used in ethylene oligomerization mainly
include nickel-, chromium-, zirconium-, and alumina-based
catalyst systems, and so on. Recently, iron (II) and cobalt (II)
based catalysts bearing imino-pyridyl tridentate ligands for
catalyzing ethylene oligomerization have been reported
respectively by Brookhart’s group (see Brookhart M. et al, J.
Am. Chem. Soc., 1998, 120, 7143-7144, and W099/02472)
and Gibson’s group (see Gibson V. C. et al, Chem. Commun.,
1998, 849-850, and Chem. Eur. J., 2000, 2221-2231), in
which both the catalytic activity and selectivity of alpha ole-
fins are high.

Prior arts teach that water is rather harmful to ethylene
oligomerization. The oligomerization process at present,
therefore, demands an extremely anhydrous and oxygen-free
environment, in which, however, initiation, stability, and
repeatability of oligomerization reactions are difficult or
poor.

The present disclosure expects to provide a technical solu-
tion that can overcome prejudices against water in the prior art
relating to the oligomerization process. When a catalyst com-
position containing water is provided for ethylene oligomer-
ization, a high oligomerization activity can actually be
obtained even at a rather low ratio of aluminum to iron and/or
a low temperature.

SUMMARY OF THE INVENTION

To overcome the defects in the prior art, the inventor of the
present disclosure has conducted extensive and in-depth
researches, and surprisingly found that a high oligomeriza-
tion activity can be obtained using a catalyst composition
containing an imino ferrous complex shown in Formula (I) as
the main catalyst, an aluminum-containing cocatalyst, water,
and an organic solvent. The catalyst composition can even
enable a high oligomerization activity at a rather low ratio of
Al/Fe. Furthermore, the oligomerization reaction is of rapid
initiation, stable operation, and good repeatability. As a
result, technical prejudices held by persons skilled in the art
against water relating to oligomerization are overcome, and
unexpected technical effects are obtained.

According to one aspect of the present disclosure, it pro-
vides a catalyst composition for ethylene oligomerization,
comprising an imino ferrous complex as shown in Formula (I)
as the main catalyst, an aluminum-containing cocatalyst,
water, and an organic solvent:
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In Formula (I), R is selected from hydrogen, oxygen, and
(C,-C,,) linear alkyl, (C;-C, ) branched alkyl, (C4-C,,) aryl,
(C,-C,p) aralkyl, and (C,-C,,) alkaryl groups. And R' is
selected from substituted or unsubstituted (C,4-C,,) aryl, (C,-
C,,) aralkyl, (C,-C,,) alkaryl groups. R and R’ is optionally
bonded to or not to form a ring.

R is selected from hydrogen and saturated or unsaturated
(C,-Cs) hydrocarbyl groups. R is selected from saturated or
unsaturated (C, -C,) hydrocarbyl groups. R and R, is option-
ally bonded to or not to form a ring. Ry is selected from
saturated or unsaturated (C,-Cs) hydrocarbyl, (C4-C,,) aryl,
(C,-C,y) aralkyl, and (C,-C,,) alkaryl groups. R, and Ry are
optionally bonded to or not to form a ring.

In one specific embodiment of the above catalyst compo-
sition, in Formula (I), R is selected from hydrogen, oxygen,
and (C,-Cy) linear alkyl, (C;-Cy) branched alkyl, (C,-C,,)
aryl, (C,-C, ) aralkyl, and (C,-C, ) alkaryl groups; and R' is
selected from substituted or unsubstituted phenyl, naphthyl,
(C,-C,y) aralkyl, and (C,-C,,) alkaryl groups.

Ry is selected from hydrogen, and saturated or unsaturated
(C,-C;) hydrocarbyl groups. R is selected from saturated or
unsaturated (C,-C;) hydrocarbyl groups, R4 and R, option-
ally being bonded to or not to form a ring. And R is selected
from saturated or unsaturated (C,-C;) hydrocarbyl, (Cs-C, ()
aryl, (C,-C,,)aralkyl, and (C,-C, ) alkaryl groups. R, and R¢
are optionally bonded to or not to form a ring.

In one specific embodiment of the above catalyst compo-
sition, based on weight of the organic solvent, the catalyst
composition has a content of water in the range from 5 to 450
ppm, preferably from 5 to 350 ppm, more preferably 20to 260
ppm, and further preferably from 50 to 200 ppm.

According to one specific embodiment of the catalyst com-
position of the present disclosure, the main catalyst imino
ferrous complex has a general formula as shown in Formula

1D):

an

In Formula (II), R is selected from hydrogen, oxygen, and
(C,-C, ) linear alkyl, (C5-C, ) branched alkyl, (C4-C,,) aryl,
(C,-C,p) aralkyl, and (C,-C,,) alkaryl groups, preferably
from hydrogen, and (C,-Cs) linear alkyl, (C5-C) branched
alkyl, (C4-C, ) aryl, (C,-C,,) aralkyl, and (C,-C,,) alkaryl
groups; and R’ is selected from substituted or unsubstituted
(Cs-C,p) aryl, (C,-C,y) aralkyl, (C,-C,,) alkaryl groups,
preferably from substituted or unsubstituted phenyl, naph-
thyl, (C,-C,,) aralkyl, and (C,-C,,) alkaryl groups.
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In one preferred embodiment of the above catalyst compo-
sition, the main catalyst imino ferrous complex has a general
formula as shown in Formula (III):

(1)

R

Rs

R

Ry

In Formula (IIT), R, to R each are independently selected
from hydrogen, (C,-Cy) alkyl groups, halogens, (C,-Cy)
alkoxy or nitro groups; and R is selected from hydrogen,
(C,-Cs) linear alkyl, (C;5-Cy) branched alkyl, (C4-C, ) aryl,
(C,-C,,) aralkyl, and (C,-C, ) alkaryl groups. In one specific
embodiment, in Formula (IIT), R is selected from hydrogen,
and methyl, ethyl, propyl, isopropyl, butyl, isobutyl, tert-
butyl, pentyl, phenyl, benzyl, tolyl, and phenethyl groups.
And R, to R each are independently selected from hydrogen,
methyl, ethyl, n-propyl, and isopropyl groups, fluorine, chlo-
rine, bromine, and methoxyl, ethoxyl and nitro groups. Pref-
erably, R, and Ry are both ethyl groups, and R, to R, all
hydrogen.

According to another specific embodiment of the catalyst
composition of the present disclosure, the main catalyst imino
ferrous complex has a general formula as shown in Formula
(Iv):

av)

Ry

Rs R;

Ry

Ry

In Formula (IV), R, is selected from (C, -Cy) alkyl groups.
R is selected from hydrogen, oxygen, and (C,-Cy) alkyl
groups. R, to R each are independently selected from hydro-
gen, (C,-Cy) alkyl groups, halogens, and (C,-Cy) alkoxy or
nitro groups. R is optionally bounded to R, or to a carbon
atom connected to R, to or not to form a ring. In one specific
embodiment, in Formula (IV), R, to R each are indepen-
dently selected from hydrogen, methyl, ethyl, n-propyl, and
isopropyl groups, fluorine, chlorine, bromine, and methoxyl,
ethoxyl and nitro groups. Preferably, R, and Ry are both
selected from hydrogen, and methyl and ethyl groups, and R,
to R, are each hydrogen. When R, is hydrogen, R is bounded
to a carbon atom connected to R, to or not to form a ring.

According to one specific embodiment of the catalyst com-
position of the present disclosure, the molar ratio of alumi-
num in the cocatalyst to iron in the main catalyst ranges from
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30:1 to less than 900:1, preferably from 100:1 to 700:1, and
more preferably from 148:1 to 196:1.

According to another specific embodiment of the catalyst
composition of the present disclosure, the aluminum-contain-
ing cocatalyst is selected from aluminoxanes and alkylalumi-
num compounds, preferably from alkylaluminum com-
pounds. The alkylaluminum compounds have a general
formulaofAIR, X,,,, wherein R is alinear or branched (C,-C,)
alkyl group; and X is a halogen, preferably chlorine or bro-
mine, with n being an integral ranging from 1 to 3, m an
integral ranging from 0 to 2, and m+n=3. The alkylaluminum
compounds are preferably selected from trimethylaluminum,
triethylaluminum, tripropylaluminum, triisobutylaluminum,
tri-n-hexyl aluminum, tri-n-octyl aluminum, diethyl alumi-
num chloride, and ethyl aluminum dichloride, more prefer-
ably triethylaluminum. The aluminoxanes are (C,-C,) alky-
laluminoxanes with linear or branched (C,-C,) alkyl groups,
preferably selected from methylaluminoxane, modified
methylaluminoxane, ethylaluminoxane, and isobutyl alumi-
noxane, and more preferably methylaluminoxane.

According to still another specific embodiment of the cata-
lyst composition of the present disclosure, based on volume
of'the organic solvent, the catalyst composition has a content
of the main catalyst in the range from 2 to 500 umol, prefer-
ably from 20 to 100 pumol/L.

According to further another specific embodiment of the
catalyst composition of the present disclosure, the organic
solvent is selected from toluene, cyclohexane, diethyl ether,
tetrahydrofuran, ethanol, benzene, xylene, and dichlo-
romethane, preferably from toluene and xylene.

According to another aspect of the present disclosure, it
provides a process for ethylene oligomerization, comprising
performing the ethylene oligomerization in the presence of
the catalyst composition according to the first aspect of the
present disclosure, wherein the catalyst composition com-
prises an imino ferrous complex as shown in Formula (I) as
the main catalyst, an aluminum-containing cocatalyst, water,
and an organic solvent.

According to one specific embodiment of the oligomeriza-
tion process, the process is performed at a temperature in the
range from -20° C. to 150° C., preferably from 0° C. to 80°
C., and more preferably from 5° C. to 35° C. In one preferred
embodiment, the reaction can be performed at a temperature
in the range from 5° C. to 50° C.

In still another preferred embodiment of the ethylene oli-
gomerization, the process comprises mixing the main catalyst
and the cocatalyst under ethylene atmosphere.

A higher oligomerization activity can be obtained with the
catalyst composition according to the present disclosure
which comprises the imino ferrous complex shown in For-
mula (I) as the main catalyst, the aluminum-containing
cocatalyst, water, and the organic solvent, than with a catalyst
composition system in the prior art which contains no water.
Moreover, when the catalyst composition according to the
present disclosure is used, a high selectivity of a-olefins is
obtainable. Besides, the catalyst composition according to the
present disclosure can enable rapid initiation, stable opera-
tion, and good repeatability of the oligomerization reaction.
According to the present disclosure, a high oligomerization
activity can be obtained even at a rather low ratio of Al/Fe, or
at a low reaction temperature. The present disclosure over-
comes technical prejudices held by persons skilled in the art
and achieves unexpected technical effects.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

According to one aspect of the present disclosure, it pro-
vides a catalyst composition for ethylene oligomerization
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comprising an imino ferrous complex shown in Formula (1) as
the main catalyst, an aluminum-containing cocatalyst, water,
and an organic solvent.

@

In Formula (I), R is selected from hydrogen, oxygen, and
(C,-C, ) linear alkyl, (C5-C, ;) branched alkyl, (C4-C,,) aryl,
(C,-C,yp) aralkyl, and (C,-C,,) alkaryl groups; and R' is
selected from substituted or unsubstituted (C-C,,) aryl, (C,-
C,,) aralkyl, (C,-C,,) alkaryl groups, R and R' optionally
being bonded to or not to form a ring.

In Formula (1), R is selected from hydrogen and saturated
or unsaturated (C,-Cs) hydrocarbyl groups; R, is selected
from saturated or unsaturated (C,-Cs) hydrocarbyl groups,
R¢ and R, optionally being bonded to or not to form a ring;
and Ry is selected from saturated or unsaturated (C,-Cs)
hydrocarbyl, (C4-C,,) aryl, (C,-C,,) aralkyl, and (C,-C,,)
alkaryl groups, R, and R optionally being bonded to ornotto
form a ring.

In one specific embodiment of the above catalyst compo-
sition, in Formula (I), R is selected from hydrogen, oxygen,
and (C,-Cy) linear alkyl, (C;-Cy) branched alkyl, (C,-C,,)
aryl, (C,-C, ) aralkyl, and (C,-C, ) alkaryl groups; and R' is
selected from substituted or unsubstituted phenyl, naphthyl,
(C,-C,y) aralkyl, and (C,-C,,) alkaryl groups. And R is
selected from hydrogen, and saturated or unsaturated (C,-C;)
hydrocarbyl groups; R, is selected from saturated or unsatur-
ated (C, -C;) hydrocarbyl groups, R and R, optionally being
bonded to or not to form a ring; and Ry is selected from
saturated or unsaturated (C,-C;) hydrocarbyl, (C4-C, ) aryl,
(C,-C,,) aralkyl, and (C,-C,,) alkaryl groups, R, and Ry
optionally being bonded to or not to form a ring.

The catalyst composition according to the present disclo-
sure contains water, but, when used in an ethylene oligomer-
ization process, can lead to a high reaction activity, and rapid
initiation, stable operation, and good repeatability of the reac-
tion, with a high selectivity of a-olefins. In the present dis-
closure, especially in medium-level tests of ethylene oligo-
merization and relevant industrial production, anhydrous
environment is not only unnecessary, but a certain amount of
water is actually required to be added into the organic solvent
to accomplish corresponding reactions.

The catalyst composition according to the present disclo-
sure promotes a high ethylene oligomerization activity and
high selectivity of a-olefins.

Inthe present disclosure, the term “saturated or unsaturated
(C,-Cs) hydrocarbyl groups” refers to saturated or unsatur-
ated hydrocarbyl groups with 1 to 5 carbon atoms, such as
methyl, ethyl, vinyl, propyl, isopropyl, allyl, propenyl, butyl,
isobutyl, tert-butyl, and butenyl groups, etc.

In the catalyst composition according to the present disclo-
sure, based on weight of the organic solvent, the catalyst
composition has a content of water in the range from 5 to 450
ppm (i.e., based on 1 g of the organic solvent, 5x107° to
450x107% g of water is contained in the catalyst composition),
preferably from 5 to 350 ppm, more preferably 20 to 260 ppm,
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and further preferably from 50 to 200 ppm. The catalyst
composition, having water within the above content ranges,
promotes even higher activity of ethylene oligomerization.

Inthe catalyst composition according to the present disclo-
sure, the amount of the main catalyst and that of the cocatalyst
can be selected according to actual process conditions such as
the production scale, equipment, etc. In one specific embodi-
ment of the catalyst composition, based on volume of the
organic solvent, the catalyst composition has a content of the
main catalyst in the range from 2 pmol/L to 500 umol/L (i.e.,
based on 1 L. of the organic solvent, the catalyst composition
contains 2x107% mol to 500x10~° mol of the main catalyst),
preferably from 20 umol/L to 100 pmol/L.

According to one specific embodiment of the catalyst com-
position of the present disclosure, the main catalyst imino
ferrous complex has a general formula as shown in Formula

.

an

In Formula (II), R is selected from hydrogen, oxygen, and
(C,-C,,) linear alkyl, (C;-C, ) branched alkyl, (C4-C,,) aryl,
(C,-C,) aralkyl, and (C,-C,,) alkaryl groups, preferably
from hydrogen, and (C,-C,) linear alkyl, (C,-C) branched
alkyl, (C4-C,p) aryl, (C,-C, ) aralkyl, and (C,-C,,) alkaryl
groups; and R’ is selected from substituted or unsubstituted
(Cs-C,p) aryl, (C,-C,y) aralkyl, (C,-C,,) alkaryl groups,
preferably from substituted or unsubstituted phenyl, naph-
thyl, (C,-C,,) aralkyl, and (C,-C,,) alkaryl groups. Said (C,-
C,,) aralkyl groups comprise diphenyl methyl group. The
structure as shown in Formula (II) is formed when both R
and R, and R, and Ry in Formula (I) are bonded to form
benzene rings.

According to one specific embodiment of the catalyst com-
position of the present disclosure, the main catalyst imino
ferrous complex has a general formula as shown in Formula
.

(I

Ry

Rs

R

Ry

In Formula (IIT), R, to R each are independently selected
from hydrogen, (C,-Cy) alkyl groups, halogens, (C,-Cg)
alkoxy or nitro groups; and R is selected from hydrogen,
(C,-Cs) linear alkyl, (C;5-Cy) branched alkyl, (C4-C, ) aryl,
(C,-C, ) aralkyl, and (C,-C,,) alkaryl groups. That is, when
R'in Formula (IT) is an alkyl phenyl group, the structure as
shown in Formula (III) can be obtained. In one specific
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embodiment, in Formula (IIT), R can be selected from hydro-
gen, and methyl, ethyl, propyl, isopropyl, butyl, isobutyl,
tert-butyl, pentyl, phenyl, benzyl, tolyl, and phenethyl
groups; and R, to Ry each are independently selected from
hydrogen, methyl, ethyl, n-propyl, and isopropyl groups,
fluorine, chlorine, bromine, and methoxyl, ethoxyl and nitro
groups, preferably, R, and R both being ethyl groups, and R,
to R, all hydrogen.

In the present disclosure, the term “(C,-Cy) alkyl groups”
refers to saturated linear or branched alkyl groups with 1-6
carbon atoms. Said (C,-Cg) alkyl groups include methyl,
ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl, tert-
butyl, n-pentyl, sec-pentyl, n-hexyl, and sec-hexyl groups,
preferably methyl, ethyl, n-propyl, and isopropyl groups.

In the present disclosure, the term “(C,-Cg4) alkoxyl
groups” refers to the groups obtained from the bond of a
(C,-Cy) alkyl group with an oxygen atom. Said (C,-Cy)
alkoxyl groups include methoxyl, ethoxyl, n-propoxyl, iso-
propoxyl, n-butoxyl, isobutoxyl, sec-butoxyl, tert-butoxyl,
n-pentoxyl, sec-pentoxyl, n-hexyloxyl, and sec-hexyloxyl
groups, preferably methoxyl and ethoxyl groups.

In the present disclosure, the term “halogens” includes F,
Cl, Br, and I, preferably F, Cl, and Br.

According to one specific embodiment of the catalyst com-
position of the present disclosure, the main catalyst imino
ferrous complex as shown in Formula (IIT) has one of the
following structures.

Ry
Ro
R3
R4
(i)
Ry
R,
R3
R4
(i)
Ry
Ro
R3
R4
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-continued

(i)

™)

Ry

i)

Rs

According to another specific embodiment of the catalyst
composition of the present disclosure, the main catalyst imino
ferrous complex has a general formula as shown in Formula
aw.

av)

Rs R3

Ro

In Formula (IV), R is selected from (C, -C;) alkyl groups;
R is selected from hydrogen, oxygen, and (C,-Cy) alkyl
groups; and R, to Ry each are independently selected from
hydrogen, (C,-Cy) alkyl groups, halogens, and (C,-Cy)
alkoxy or nitro groups, R being optionally bounded to R, orto
a carbon atom connected to R, to or not to form a ring. When
Rg and R' in Formula (I) are alkyl phenyl groups, and Ry in
Formula (I) is hydrogen, the structure as shown in Formula
(IV) can be obtained. In one specific embodiment, in Formula
(IV), R, to Ry each are independently selected from hydro-
gen, methyl, ethyl, n-propyl, and isopropyl groups, fluorine,
chlorine, bromine, and methoxyl, ethoxyl and nitro groups.
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Preferably, R, and R are both selected from hydrogen, and
methyl and ethyl groups, and R, to R, are each hydrogen.
When R, is hydrogen, R is bounded to a carbon atom con-
nected to R, to or not to form a ring.

According to one specific embodiment of the above cata-
lyst composition, the main catalyst imino ferrous complex as
shown in Formula (IV) has one of the following structures.

(vi)

Me

(viii)

Et

According to one specific embodiment of the catalyst com-
position of the present disclosure, the molar ratio of alumi-
num in the cocatalyst to iron in the main catalyst ranges from
30:1 to less than 900:1, preferably from 100:1 to 700:1, and
more preferably from 148:1 to 196:1.

According to another specific embodiment of the catalyst
composition of the present disclosure, the aluminum-contain-
ing cocatalyst is selected from aluminoxanes and alkylalumi-
num compounds, preferably from alkylaluminum com-
pounds. The alkylaluminum compounds have a general
formula of AIR, X, herein R is a linear or branched (C,-Cy)
alkyl group; and X is a halogen, preferably chlorine or bro-
mine, with n being an integral ranging from 1 to 3, m an
integral ranging from 0 to 2, and m+n=3. The alkylaluminum
compounds are preferably selected from trimethylaluminum,
triethylaluminum, tripropylaluminum, triisobutylaluminum,
tri-n-hexyl aluminum, tri-n-octyl aluminum, diethyl alumi-
num chloride, and ethyl aluminum dichloride, more prefer-
ably triethylaluminum. The aluminoxanes are (C,-C,) alky-
laluminoxanes with linear or branched (C,-C,) alkyl groups,
preferably selected from methylaluminoxane, modified
methylaluminoxane, ethylaluminoxane, and isobutyl alumi-
noxane, and more preferably methylaluminoxane.

According to still another specific embodiment of the cata-
lyst composition of the present disclosure, based on volume
of'the organic solvent, the catalyst composition has a content
of'the main catalyst in the range from 2 umol/L to 500 pumol/L,
preferably from 20 umol/L, to 100 pmol/L.

According to still another specific embodiment of the cata-
lyst composition of the present disclosure, the organic solvent
is selected from toluene, cyclohexane, diethyl ether, tetrahy-
drofuran, ethanol, benzene, xylene, and dichloromethane,
preferably from toluene and xylene.

Preparation of the main catalyst of the present disclosure is
known in the prior art. For example, reference can be made to
CN 102558243 A for synthesis of the compounds as shown in
Formula (IT) or (IIT). CN 102558243 A is incorporated into the
present disclosure as a reference.
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According to one specific embodiment of the present dis-
closure, the main catalyst 2-acetyl-1,10-phenanthroline ami-
nal ferrous chloride complex as shown in Formula (ii) can be
prepared by the process as disclosed in CN 102485733 A with
specific steps as follows.

Step a: synthesis of 2-acetyl-1,10-phenanthroline: 1,10-
phenanthroline is reacted with Et;Al. The resultant thereof
successively goes through a hydrolysis reaction and then an
oxidation reaction with nitrobenzene to obtain a compound as
shown in Formula (b).

O  PhNO,

In order to prepare 2-acetyl-1,10-phenanthroline as shown
in Formula (b), 1,10-phenanthroline is first reacted with
Et;Al in the presence of an organic solvent, which can be
selected from toluene, cyclohexane, diethyl ether, tetrahydro-
furan, ethanol, benzene, xylene, dichloromethane, mixtures
thereof, etc., preferably toluene. A 1,10-phenanthroline solu-
tion with a concentration of 10 g/I. to 200 g/L. is prepared with
the above organic solvents. The reaction between 1,10-
phenanthroline and Et;Al is commonly performed at a tem-
perature in the range from —-60° C. to —80° C., preferably from
-60° C.to =70° C., favorably under protection of an inert gas,
which is preferably selected as argon or nitrogen. Anhydrous
or hydrous 1,10-phenanthroline, preferably anhydrous 1,10-
phenanthroline, and Et;Al per se are selected as the raw
materials for the above reaction with a molar ratio of 1,10-
phenanthroline to Et;Al in the range from 1:0.5 to 1:4.5,
preferably 1:2.0t0 1:2.6. Favorably, the reaction is carried out
usually by adding, for example, dropwise adding Et;Al at a
reaction temperature into the 1,10-phenanthroline solution.
After the above addition is completed, the resulting mixture is
stirred for 18 h to 28 h at the reaction temperature, preferably
18 to 20 h. Afterwards, the reaction temperature is heated up
to 20° C. to 40° C., before the resulting mixture is stirred
again for 5 h to 10 h, preferably 10 h to facilitate more
complete reaction. Next, water (preferably deionized water)
is added for hydrolysis at a temperature in the range from
-60° C. to 0° C. For example, water, preferably deionized
water, can be added into the resulting mixture at -30° C. for
hydrolysis. There are bubbles during hydrolysis process, and
the hydrolysis process is not to be stopped until no bubbles
come out. In order to ensure more complete hydrolysis, the
resulting mixture is heated again to 20° C. to 40° C. and
stirred for 5 h to 10 h. Subsequently, the resultant is separated
and an organic phase therein is taken out. In order to obtain
the required product as much as possible, an organic solvent
is preferably used for extraction of the inorganic phase in the
resultant, and then the obtained organic phase is combined
with the organic phase obtained through separation, wherein
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useful organic solvents can be ethyl acetate, acetone, dichlo-
romethane, or a mixture thereof, preferably dichloromethane.
The solvent is removed from the organic phase or combined
organic phase under reduced pressure prior to addition of
nitrobenzene therein for reflux (forexample at 210° C.) for 10
h to 48 h, preferably 15 h to 24 h. After that, the resultant is
filtered, and the solvent is removed under reduced pressure. A
mixture solution of ethyl acetate and petroleum ether with a
volume ratio therebetween in the range from 1:1 to 1:5, pref-
erably 1:2 is used as an eluent to perform silica column
chromatography to obtain a solid product, i.e., the compound
as shown in Formula (b). In the above synthesis step, the
molar ratio of 1,10-phenanthroline to nitrobenzene is in the
range from 1:0.5 to 1:30, preferably from 1:15 to 1:20.

Step b: synthesis of 2-acetyl-1,10-phenanthroline aminal
ligand: the compound as shown in Formula (b) is reacted with
the compound as shown in Formula (c¢) in the presence of
p-toluenesulfonic acid as the catalyst to obtain the compound
as shown in Formula (d).

Rs R,
p-TsOH

Ry

Ry

Rs

R

@

For definitions of R, to Ry, references can be made to
definitions relating to Formula (III).

The product ligand as shown in Formula (d) is prepared by
reacting 2-acetyl-1,10-phenanthroline obtained in Step a with
substituted anline as shown in Formula (¢) in a container in
the presence of an organic solvent containing no water or
oxygen, wherein the molar ratio of 2-acetyl-1,10-phenanthro-
line to substituted anline as shown in Formula (c) is in the
range from 1:1 to 1:5. Said organic solvent can be selected
from toluene, cyclohexane, diethyl ether, tetrahydrofuran,
ethanol, benzene, xylene, dichloromethane, mixtures thereof,
etc., preferably toluene. The reaction is carried out under
reflux in the presence of p-toluenesulfonic acid (p-TsOH) as
the catalyst at, for example 110° C., wherein the mass ratio of
p-TsOH to the total amounts of the reactants (i.e., the com-
pounds as shown in Formulae (b) and (¢)) is in the range from
0.001:1 t0 0.02:1; and the reaction time is in the range from 5
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h to 10 h. The reaction is monitored by TL.C. Upon comple-
tion of the reaction of 2-acetyl-1,10-phenanthroline, the sol-
vent is removed under reduced pressure. After that, a mixture
solution of ethyl acetate and petroleum ether with a volume
ratio therebetween in the range from 1:1 to 1:9, preferably 1:4
is used as an eluent to perform silica column chromatography
to obtain the target product, i.e., the compound as shown in
Formula (d). The target product is characterized by nuclear
magnetism and mass spectrum.

In one preferred embodiment of the present disclosure, the
substituted anline as shown in Formula (¢) can be an anline
substituted by 1 to 5, preferably 1 to 4, and more preferably 1
to 3 identical or different substituent groups selected from
(C,-Cy) alkyl and (C,-Cy) alkoxy groups, halogens, and nitro
groups, for example, 2-methylaniline, 3-methylaniline,
4-methylaniline, 2,3-dimethylaniline, 2,4-dimethylaniline,
2,5-dimethylaniline, 2,6-dimethylaniline, 3,4-dimethyla-
niline, 3,5-dimethyl aniline, 2,4,6-trimethyl aniline,
4-bromo-2,6-dimethylaniline, 2-ethylaniline, 2-ethyl-6-me-
thylaniline, 2-isopropylaniline, 2,6-diethylaniline, 2,6-diiso-
propyl aniline, 2-fluoroaniline, 2-fluoro-4-methylaniline,
2-fluoro-5-methylaniline, 2,4-difluoro-aniline, 2,5-difluoro-
aniline, 2,6-difluoro-aniline, 3,4-difluoro-aniline, 2,3,4-trif-
luoroaniline, 2,4,5-trifluoroaniline, 2.,4,6-trifluoroaniline,
2,3.4,5,6-pentafluoroaniline, 3-chloroaniline, 2,6-dichloro-
aniline, 2,3,4-trichloroaniline, 2,4,5-trichloroaniline, 2,4,6-
trichloroaniline, 2-bromoaniline, 2-bromo-4-methylaniline,
2-bromo-4-fluoroaniline, 4-bromo-2-fluoroaniline, 2,6-di-
bromoaniline, 2,6-dibromo-4-methylaniline, 2,6-dibromo-4-
chloroaniline, 2,4,6-tribromoaniline, 2-bromo-6-chloro-4-
fluoroaniline, 2-bromo-4-chloro-6-fluoroaniline, 2-bromo-4,
6-difluoroaniline, 3-nitroaniline, 4-methoxyaniline,
2-methyl-4-methoxyaniline, and 4-ethoxyaniline, preferably
2,6-diethylaniline.

Step c: synthesis of 2-acetyl-1,10-phenanthroline aminal
ferrous chloride complex: the compound as shown in For-
mula (d) is reacted with ferrous chloride to obtain the com-
pound as shown in Formula (ii).

FeClL
R, 2,

Rs

R;

(d)

Ry

R;

(if)
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For definitions of R, to Ry, references can be made to
definitions relating to Formula (III).

Under protection of an inert gas such as nitrogen, ferrous
chloride is dissolved into an organic solvent containing no
water or oxygen, so as to form a solution with a concentration
01'0.001 g/mlto 0.1 g/ml, wherein the organic solvent can be
selected from toluene, cyclohexane, diethyl ether, tetrahydro-
furan, ethanol, benzene, xylene, dichloromethane, and mix-
tures thereof, preferably tetrahydrofuran. To obtain said fer-
rous chloride solution, hydrated ferrous chloride
(FeCl,.4H,0) can be used instead of ferrous chloride.
2-acetyl-1,10-phenanthroline aminal ligand (d) is separately
dissolved into an organic solvent containing no water or oxy-
gen to form a solution with a concentration of 0.01 g/ml to 0.1
g/ml, wherein the organic solvent can be selected from tolu-
ene, cyclohexane, diethyl ether, tetrahydrofuran, ethanol,
benzene, xylene, dichloromethane, and mixtures thereof,
preferably tetrahydrofuran. Subsequently, the above two
solutions are combined (for example at room temperature)
under protection of an inner gas such as nitrogen, and the
resulting mixture is stirred for some time under protection of
an inert gas such as nitrogen, for example, being stirred over-
night at room temperature. The reaction is monitored by TL.C.
Upon completion of the reaction, conventional treatment
methods of suction filtration, washing, drying, etc. are
adopted to treat the reaction product to obtain the compound
ligand as shown in Formula (ii). Said washing can be per-
formed using an organic solvent such as anhydrous diethyl
ether. The ligand is characterized by elemental analysis and
infrared spectroscopy. In the synthesis step, the molar ratio of
2-acetyl-1,10-phenanthroline aminal ligand (d) to ferrous
chloride is in the range from 1:1 to 1.2:1, preferably from
1.05:1 to 1.1:1.

According to one specific embodiment of the present dis-
closure, the main catalyst as shown in Formula (iv) can be
prepared by the process as disclosed in CN 102558242A.
Therefore, 2-isobutyryl-1,10-phenanthroline aminal ferrous
chloride complex can be prepared by specific steps as follows.

Step a: synthesis of 2-isobutyryl-1,10-phenanthroline:
1,10-phenanthroline is reacted with (i-C,H,);Al. The result-
ant thereof successively goes through a hydrolysis reaction
and then an oxidation reaction with nitrobenzene to obtain a
compound as shown in Formula (b').

(i-C4Ho3Al  H,O0  PhNO,

In order to prepare 2-isobutyryl-1,10-phenanthroline as
shown in Formula (b'), 1,10-phenanthroline is first reacted
with (i-C,H,); Al in the presence of an organic solvent, which
can be selected from toluene, cyclohexane, diethyl ether,
tetrahydrofuran, ethanol, benzene, xylene, dichloromethane,
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mixtures thereof, etc., preferably toluene. A 1,10-phenan-
throline solution with a concentration of 10 g/L. to 200 g/L. is
prepared with the above organic solvents. The reaction
between 1,10-phenanthroline and (i-C,H,);Al is commonly
performed at a temperature in the range from -60° C. to —80°
C., preferably from -60° C. to -70° C., favorably under
protection of an inert gas, which is preferably selected as
argon or nitrogen. Anhydrous or hydrous 1,10-phenanthro-
line, preferably anhydrous 1,10-phenanthroline, and
(1-C,Hy)5 Al per se are selected as the raw materials for the
above reaction with a molar ratio of 1,10-phenanthroline to
(i-C,Hy); Alinthe range from 1:0.5 to 1:4.5, preferably 1:2.0
to 1:2.6. Favorably, the reaction is carried out usually by
adding, for example, dropwise adding (i-C,H,),Al at a reac-
tion temperature into the 1,10-phenanthroline solution. After
the above addition is completed, the resulting mixture is
stirred for 18 h to 28 h at the reaction temperature, preferably
18 to 20 h. Afterwards, the reaction temperature is heated up
to 20° C. to 40° C., before the resulting mixture is stirred
again for 5 h to 10 h, preferably 10 h to facilitate more
complete reaction. Next, water (preferably deionized water)
is added for hydrolysis at a temperature in the range from
-60° C. to 0° C. For example, water, preferably deionized
water, can be added into the resulting mixture at -30° C. for
hydrolysis. There are bubbles during hydrolysis process, and
the hydrolysis process is not to be stopped until no bubbles
come out. In order to ensure more complete hydrolysis, the
resulting mixture is heated again to 20° C. to 40° C. and
stirred for 5 h to 10 h. Subsequently, the resultant is separated
and an organic phase therein is taken out. In order to obtain
the required product as much as possible, an organic solvent
is preferably used for extraction of the inorganic phase in the
resultant, and then the organic phase is combined with the
organic phase obtained through separation, wherein useful
organic solvents can be ethyl acetate, acetone, dichlo-
romethane, or a mixture thereof, preferably dichloromethane.
The solvent is removed from the organic phase or combined
organic phase under reduced pressure prior to addition of
nitrobenzene therein for reflux (for example at 210° C.) for 10
h to 48 h, preferably 15 h to 24 h. After that, the resultant is
filtered, and the solvent is removed under reduced pressure. A
mixture solution of ethyl acetate and petroleum ether with a
volume ratio therebetween in the range from 1:1 to 1:5, pref-
erably 1:2 is used as an eluent to perform silica column
chromatography to obtain a solid product, i.e., the compound
as shown in Formula (b"). In the above synthesis step, the
molar ratio of 1,10-phenanthroline to nitrobenzene is in the
range from 1:0.5 to 1:30, preferably from 1:15 to 1:20.

Step b: synthesis of 2-isobutyryl-1,10-phenanthroline ami-
nal ligand: the compound as shown in Formula (b') is reacted
with the compound as shown in Formula (¢) in the presence of
p-toluenesulfonic acid as the catalyst to obtain the compound
as shown in Formula (d').
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For definitions of R, to Ry, references can be made to
definitions relating to Formula (III).

The product ligand as shown in Formula (d') is prepared by
reacting 2-isobutyryl-1,10-phenanthroline obtained in Step a
with substituted anline as shown in Formula (¢) in a container
in the presence of an organic solvent containing no water or
oxygen, wherein the molar ratio of 2-isobutyryl-1,10-
phenanthroline to substituted anline as shown in Formula (c)
is in the range from 1:1 to 1:5. Said organic solvent can be
selected from toluene, cyclohexane, diethyl ether, tetrahydro-
furan, ethanol, benzene, xylene, dichloromethane, mixtures
thereof, etc., preferably toluene. The reaction is carried out
under reflux in the presence of p-toluenesulfonic acid
(p-TsOH) as the catalyst at, for example 110° C., wherein the
mass ratio of p-TsOH to the total amount of the reactants (i.e.,
the compounds as shown in Formulae (b') and (¢)) is in the
range from 0.001:1 to 0.02:1; and the reaction time is in the
range from 5 h to 10 h. The reaction is monitored by TLC.
Upon completion of the reaction of 2-isobutyryl-1,10-
phenanthroline, the solvent is removed under reduced pres-
sure. After that, a mixture solution of ethyl acetate and petro-
leum ether with a volume ratio therebetween in the range
from 1:1 to 1:9, preferably 1:4 is used as an eluent to perform
silica column chromatography to obtain the target product,
i.e., the compound as shown in Formula (d'). The target prod-
uct is characterized by nuclear magnetism and mass spec-
trum.

Step c: synthesis of 2-isobutyryl-1,10-phenanthroline ami-
nal ferrous chloride complex: the compound as shown in
Formula (d') is reacted with ferrous chloride to obtain the
compound as shown in Formula (iv).

Ry

FeCl,
—_—

Rs

R;

(d)
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-continued

R

(iv)

For definitions of R, to Rs, references can be made to
definitions relating to Formula (III).

Under protection of an inert gas such as nitrogen, ferrous
chloride is dissolved into an organic solvent containing no
water or oxygen, so as to form a solution with a concentration
01'0.001 g/mlto 0.1 g/ml, wherein the organic solvent can be
selected from toluene, cyclohexane, diethyl ether, tetrahydro-
furan, ethanol, benzene, xylene, dichloromethane, and mix-
tures thereof, preferably tetrahydrofuran. To obtain said fer-
rous chloride solution, hydrated ferrous chloride
(FeCl,.4H,0) can also be used instead of ferrous chloride.
2-isobutyryl-1,10-phenanthroline aminal ligand (d') is sepa-
rately dissolved into an organic solvent containing no water or
oxygen to form a solution with a concentration o 0.01 g/ml to
0.1 g/ml, wherein the organic solvent can be selected from
toluene, cyclohexane, diethyl ether, tetrahydrofuran, ethanol,
benzene, xylene, dichloromethane, and mixtures thereof,
preferably tetrahydrofuran. Subsequently, the above two
solutions are combined (for example at room temperature)
under protection of an inner gas such as nitrogen, and the
resulting mixture is stirred for some time under protection of
an inert gas such as nitrogen, for example, being stirred over-
night at room temperature. The reaction is monitored by TL.C.
Upon completion of the reaction, conventional treatment
methods of suction filtration, washing, drying, etc. are
adopted to treat the reaction product to obtain the compound
ligand as shown in Formula (iv). Said washing can be per-
formed using an organic solvent such as anhydrous diethyl
ether. The ligand is characterized by elemental analysis and
infrared spectroscopy. In the synthesis step, the molar ratio of
2-isobutyryl-1,10-phenanthroline aminal ligand (d') to fer-
rous chloride is in the range from 1:1to 1.2:1, preferably from
1.05:1to 1.1:1.

According to one specific embodiment of the present dis-
closure, the main catalyst as shown in Formula (iii) can be
prepared by the process as disclosed in CN 102558241A.
Therefore, 2-n-propyl-acyl-1,10-phenanthroline aminal fer-
rous chloride complex can be prepared by the specific steps as
follows.

Step a: synthesis of 2-n-propyl-acyl-1,10-phenanthroline:
1,10-phenanthroline is reacted with (n-C;H,);Al. The result-
ant thereof successively goes through a hydrolysis reaction
and then oxidation reaction with nitrobenzene to obtain a
compound as shown in Formula (b").

(m-C3H,);Al H,0  PhNO,
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In order to prepare 2-n-propyl-acyl-1,10-phenanthroline as
shown in Formula (b"), 1,10-phenanthroline is first reacted
with (n-C;H,); Al in the presence of an organic solvent, which
can be selected from toluene, cyclohexane, diethyl ether,
tetrahydrofuran, ethanol, benzene, xylene, dichloromethane,
mixtures thereof, etc., preferably toluene. A 1,10-phenan-
throline solution with a concentration of 10 g/L. to 200 g/L. is
prepared with the above organic solvents. The reaction
between 1,10-phenanthroline and (n-C;H-); Al is commonly
performed at a temperature in the range from —-60° C. to —80°
C., preferably from -60° C. to -70° C., favorably under
protection of an inert gas, which is preferably selected as
argon or nitrogen. Anhydrous or hydrous 1,10-phenanthro-
line, preferably anhydrous 1,10-phenanthroline, and
(n-C;H,);Al per se are selected as the raw materials for the
above reaction with a molar ratio of 1,10-phenanthroline to
(n-C;H,);Al in the range from 1:0.5 to 1:4.5, preferably 1:2.0
to 1:2.6. Favorably, the reaction is carried out usually by
adding, for example, dropwise adding (n-C;H,); Al at a reac-
tion temperature into the 1,10-phenanthroline solution. After
the above addition is completed, the resulting mixture is
stirred for 18 h to 28 h at the reaction temperature, preferably
18 to 20 h. Afterwards, the reaction temperature is heated up
to 20° C. to 40° C., before the resulting mixture is stirred
again for 5 h to 10 h, preferably 10 h to facilitate more
complete reaction. Next, water (preferably deionized water)
is added for hydrolysis at a temperature in the range from
-60° C. to 0° C. For example, water, preferably deionized
water, can be added into the resulting mixture at -30° C. for
hydrolysis. There are bubbles during hydrolysis process, and
the hydrolysis process is not to be stopped until no bubbles
come out. In order to ensure more complete hydrolysis, the
resulting mixture is heated again to 20° C. to 40° C. and
stirred for 5 h to 10 h. Subsequently, the resultant is separated
and an organic phase therein is taken out. In order to obtain
the required product as much as possible, an organic solvent
is preferably used for extraction of the inorganic phase in the
resultant, and then the organic phase is combined with the
organic phase obtained through separation, wherein useful
organic solvents can be ethyl acetate, acetone, dichlo-
romethane, or a mixture thereof, preferably dichloromethane.
The solvent is removed from the organic phase or combined
organic phase under reduced pressure prior to addition of
nitrobenzene therein for reflux (forexample at 210° C.) for 10
h to 48 h, preferably 15 h to 24 h. After that, the resultant is
filtered, and the solvent is removed under reduced pressure. A
mixture solution of ethyl acetate and petroleum ether with a
volume ratio therebetween in the range from 1:1 to 1:5, pref-
erably 1:2 is used as an eluent to perform silica column
chromatography to obtain a solid product, i.e., the compound
as shown in Formula (b"). In the above synthesis step, the
molar ratio of 1,10-phenanthroline to nitrobenzene is in the
range from 1:0.5 to 1:30, preferably from 1:15 to 1:20.

Step b: synthesis of 2-n-propyl-acyl-1,10-phenanthroline
aminal ligand: the compound as shown in Formula (b") is
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reacted with the compound as shown in Formula (c) in the
presence of p-toluenesulfonic acid as the catalyst to obtain the
compound as shown in Formula (d").

N
(6"
NH,
Rs Ry
p-TsOH
—_—
Ry Ry

R

Rs

R

(d")

For definitions of R, to Rs, references can be made to
definitions relating to Formula (III).

The product ligand as shown in Formula (d") is prepared by
reacting 2-n-propyl-acyl-1,10-phenanthroline obtained in
Step a with substituted anline as shown in Formula (¢) in a
container in the presence of an organic solvent containing no
water or oxygen, wherein the molar ratio of 2-n-propyl-acyl-
1,10-phenanthroline to substituted anline as shown in For-
mula (c) is in the range from 1:1 to 1:5. Said organic solvent
can be selected from toluene, cyclohexane, diethyl ether,
tetrahydrofuran, ethanol, benzene, xylene, dichloromethane,
mixtures thereof, etc., preferably toluene. The reaction is
carried out under reflux in the presence of p-toluenesulfonic
acid (p-TsOH) as the catalyst at, for example 110° C.,
wherein the mass ratio of p-TsOH to the total amount of the
reactants (i.e., the compounds as shown in Formulae (b") and
(c)) is in the range from 0.001:1 to 0.02:1; and the reaction
time is in the range from 5 h to 10 h. The reaction is monitored
by TLC. Upon completion of the reaction of 2-n-propyl-acyl-
1,10-phenanthroline, the solvent is removed under reduced
pressure. After that, a mixture solution of ethyl acetate and
petroleum ether with a volume ratio therebetween in the range
from 1:1 to 1:9, preferably 1:4 is used as an eluent to perform
silica column chromatography to obtain the target product,
i.e., the compound as shown in Formula (d"). The target
product is characterized by nuclear magnetism and mass
spectrum.

Step c: synthesis of 2-n-propyl-acyl-1,10-phenanthroline
aminal ferrous chloride complex: the compound as shown in
Formula (d") is reacted with ferrous chloride to obtain the
compound as shown in Formula (iii).
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For definitions of R, to Ry, references can be made to
definitions relating to Formula (III).

Under protection of an inert gas such as nitrogen, ferrous
chloride is dissolved into an organic solvent containing no
water or oxygen, so as to form a solution with a concentration
01'0.001 g/mlto 0.1 g/ml, wherein the organic solvent can be
selected from toluene, cyclohexane, diethyl ether, tetrahydro-
furan, ethanol, benzene, xylene, dichloromethane, and mix-
tures thereof, preferably tetrahydrofuran. To obtain said fer-
rous chloride solution, hydrated ferrous chloride
(FeCl,.4H,0) can also be used instead of ferrous chloride.
2-n-propyl-acyl-1,10-phenanthroline ligand (d") is sepa-
rately dissolved into an organic solvent containing no water or
oxygen to form a solution with a concentration of 0.01 g/mlto
0.1 g/ml, wherein the organic solvent can be selected from
toluene, cyclohexane, diethyl ether, tetrahydrofuran, ethanol,
benzene, xylene, dichloromethane, and mixtures thereof,
preferably tetrahydrofuran. Subsequently, the above two
solutions are combined (for example at room temperature)
under protection of an inner gas such as nitrogen, and the
resulting mixture is stirred for some time under protection of
an inert gas such as nitrogen, for example, being stirred over-
night at room temperature. The reaction is monitored by TL.C.
Upon completion of the reaction, conventional treatment
methods of suction filtration, washing, drying, etc. are
adopted to treat the reaction product to obtain the compound
ligand as shown in Formula (iii). Said washing can be per-
formed using an organic solvent such as anhydrous diethyl
ether. The ligand is characterized by elemental analysis and
infrared spectroscopy. In the synthesis step, the molar ratio of
2-n-propyl-acyl-1,10-phenanthroline ligand (d") to ferrous
chloride is in the range from 1:1 to 1.2:1, preferably from
1.05:1 to 1.1:1.

According to another aspect of the present disclosure, it
provides a process for ethylene oligomerization. Ethylene is
oligomerized in the presence of the above catalyst composi-
tion, which comprises imino ferrous complex shown in For-
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mula (I) as the main catalyst, an aluminum-containing cocata-
lyst, water, and an organic solvent.

In the oligomerization process according to the present
disclosure, preferably, based on weight of the organic solvent,
the catalyst composition has a content of water in the range
from 5 to 450 ppm, preferably from 5 to 350 ppm, more
preferably 20 to 260 ppm, and further preferably from 50 to
200 ppm.

In the catalyst composition used for ethylene oligomeriza-
tion of the present disclosure, imino ferrous complex shown
in Formula (I) as previously defined is adopted as the main
catalyst.

In one specific embodiment, the mixing of the main cata-
lyst and cocatalyst is performed in an atmosphere of ethylene
(i.e., the main catalyst and cocatalyst are mixed in the pres-
ence of ethylene). In a specific embodiment, the reaction
temperature can be in the range from -20° C. to 150° C.,
preferably from 0° C. to 80° C., and more preferably from 5°
C. 10 35° C. In another specific embodiment, when the com-
pound as shown in Formula (vii) which contains a pyridyl
group is used, the reaction temperature can be in the range
from -20° C. to 150° C., preferably from 0° C. to 80° C., and
more preferably from 5° C.to 50° C. Inthe present disclosure,
the reaction pressure can be selected as 0.1 MPa to 30 MPa.
Generally, the oligomerization activity improves as the pres-
sure of ethylene increases.

In the ethylene oligomerization process according to the
present disclosure, preferred ranges of varieties of organic
solvents, varieties of cocatalysts, content of the main catalyst
in view of the organic solvents, molar ratio of the cocatalysts
to the main catalyst are correspondingly the same as those
concerning the catalyst composition for ethylene oligomer-
ization of the present disclosure.

According to the present disclosure, one specific embodi-
ment of the process of ethylene oligomerization can comprise
the following steps. (1) The reaction system is replaced
through operations such as high temperature drying, vacuum
replacement, etc., so as to ensure an anhydrous and oxygen-
free reaction system. (2) The reaction system is replaced with
ethylene, so as to ensure an ethylene atmosphere for the
reaction system. (3) The catalyst composition including the
main catalyst, the cocatalyst, water, and the organic solvent is
added in the reaction system, followed by adequate stirring.
(4) Ethylene is fed into the system to perform the oligomer-
ization reaction, which is kept for 30 min to 100 minunder 0.1
MPa to 30 MPa at -20° C. to 150° C. (5) The reaction is
stopped and the product is analyzed by gas chromatography
(GC). In the present disclosure, in step (3), the main catalyst
and cocatalyst can be added into the system after being dis-
solved into the organic solvent.

When the catalyst composition according to the present
disclosure is used for ethylene oligomerization, products
obtained therein include C,, C,, Cg, C,(, C5, Ci4, Cig, Cig,
C,g, C,,, etc., with selectivity of a-olefins thereof higher than
96%. When the ethylene oligomerization is completed, the
products are analyzed by GC. Results indicate that the oligo-
merization activity can be higher than 107 g-mol (Fe)~'.h7!.
Furthermore, when the remaining reaction mixture is neutral-
ized by an ethanol solution acidified with dilute hydrochloric
acid, no polymers can be obtained.

Compared to an anhydrous catalyst composition system,
when the catalyst composition according to the present dis-
closure comprising imino ferrous complex shown in Formula
(1) as the main catalyst, the aluminum-containing cocatalyst,
water, and the organic solvent is used in ethylene oligomer-
ization, a higher oligomerization activity can be acquired,
with high selectivity of a-olefins, and rapid initiation, stable
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operation, and good repeatability of the reaction. According
to the present disclosure, a rather low ratio of Al/Fe or a low
reaction temperature can still enable a high oligomerization
activity. The present disclosure overcomes technical preju-

22

stirring, ethylene is fed into the kettle to perform the oligo-
merization reaction. (4) The oligomerization reaction is kept
for 30 min under an ethylene pressure of 1 MPa at 30° C. (5)
The reaction is stopped, and a small amount of reaction prod-

dices .of persons skilled in the art and achieves unexpected 5 yct is taken out for gas chromatography (GC) analysis.
technical effects. . .. .
In this example, the activity of the catalyst for catalyzing
EXAMPLES the ethylene oligomerization is 0.51x107 g-mol(Fe)™*.h~*.
The oligomers contain 22.3% of C,, 46.22% of C4 to C,,
The present disclosure will be further explained in connec- 19 70.32% (wherein c.-olefins account .fo.r 97~8.%) of Ca to Cyg,
tion with specific examples, which, however, are not to limit and 7.38% of Cyq to C,5. The remaining mixture is neutral-
the present disclosure in any manner. ized by an ethanol solution acidified with dilute hydrochloric
acid of 5%, and no polymers are obtained. The analysis
Example 1 results are shown in Table 1.
15
2-formyl-1,10-phenanthroline (2,6-diethylanil) FeCl, is
used as the main catalyst.
Examples 2 to 12
20 The steps in Example 1 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 1.
25
Comparative Example 1
30 The steps of Example 1 are repeated only with 0 ppm of
water. The data are shown in Table 1.
TABLE 1
Ce~Cis
Content Activity Linear
ofwater T Al/Fe (107g-mol C, CgC;o Content a-olefins Coo~Cog
(ppm) (°C) (mol) (Fe) b)) (%) (%) (%) (%) (%)
Example 1 5 30 196 0.51 223 4622 7032 97.8 7.38
Example 2 20 30 196 0.72 2524 4777 69.04 97.6 5.72
Example 3 50 30 196 1.11 2513 49.01  69.76 97.7 5.11
Example 4 120 30 196 1.18 2604 48.04 6879 97.6 5.17
Example 5 200 30 196 12 2371 4808  69.76 97.9 6.53
Example 6 260 30 196 0.8 25.86  48.16  68.65 98.2 5.49
Example 7 350 30 196 0.55 2575 4823 69.15 97.4 5.1
Example 8 200 0 196 1.09 2791 4819  67.61 97.1 4.48
Example 9 200 -10 196 0.96 2641 4576  67.88 97.9 5.71
Example 10 200 -20 196 0.94 283 4812 6692 97.5 4.78
Example 11 200 50 196 0.61 3025 4759 66.03 98.1 3.72
Example 12 200 30 500 132 317 49.19  65.52 96.2 2.78
Comparative 0 30 196 0.2 27.81 4583  66.69 98 5.5
Example 1

It comprises the following specific steps in using the cata-

The data in Table 1 indicate that a high ethylene oligomer-

lyst composition for ethylene oligomerization. (1) The reac- 55 ization activity is obtained in the presence of the catalyst

tion system is replaced through operations such as high tem-
perature drying, vacuum replacement, etc., so as to ensure an
anhydrous and oxygen-free reaction system. (2) The reaction
system is replaced with ethylene, so as to ensure an ethylene
atmosphere in the reaction system. (3) A reaction kettle is
added with a certain amount of hydrous toluene, 1.37 ml of a
toluene solution of Et; Al (with a concentration of 715 pmol/
ml), and 2 ml of a toluene solution of 2-formyl-1,10-phenan-
throline (2,6-diethylanil) FeCl, (with a concentration of 2.5
umol/ml). As a result, the total amount of the composition is
100 ml. The content of water based on weight of the organic
solvent is 5 ppm, and the ratio of Al/Fe is 196. After adequate

60
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composition according to the present disclosure which con-
tains water. More specifically, from comparisons between
catalyst activity in Examples 1 to 7 to that in Comparative
Example 1, it can be obvious seen that, under the same oli-
gomerization conditions, the activity of the catalyst compo-
sition according to the present disclosure is 2.5 to 6 times of
that of the catalyst used in Comparative Example 1. Further-
more, the examples according to the present disclosure obtain
as high a selectivity of a-olefins as Comparative Example 1
does. Particularly, in Examples 3 to 5, when the content of
water ranges from 50 ppm to 200 ppm, the ethylene oligo-
merization activity exceeds 1x10” g-mol(Fe)~*h~". It is thus
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clear that the catalyst having a content of water within the
above range is especially suitable for catalyzing ethylene
oligomerization in industrial production. In addition, the oli-
gomerization reaction according to the present disclosure is
of rapid initiation, stable operation, and good repeatability.

Moreover, Table 1 shows that even when the ratio of Al to
Fe is as low as 196, the catalyst of the present disclosure still
has good activity for catalyzing the oligomerization reaction,
thereby significantly reducing costs of ethylene oligomeriza-
tion. Hence, the catalyst according to the present disclosure is
of high practicability and has broad prospects for industrial-
ization. Besides, Examples 5, 8, 9, and 10 prove that, accord-
ing to the present disclosure, high oligomerization activity
can still be obtained even at a low reaction temperature.

Example 13

1. Synthesis of a complex of
2-acetyl-1,10-phenanthroline (2,6-diethylanil) FeCl,

a) Synthesis of 2-acetyl-1,10-phenanthroline (See the
Following Reaction Procedure)

H,0  PhNO,

5

10

25

5.1 g (28.3 mmol) of 1,10-phenanthroline is put into a 250
ml, three-necked flask, and is dissolved into 100 ml of toluene
under protection of nitrogen and magnetic stirring. 10 ml
(70.8 mmol) of Et;Al is dropwise added into the three-necked
flask under stirring at —-60° C. in about 15 min, and the
resulting mixture is stirred at the same temperature for 18 h.
Afterwards, the resulting mixture is heated to about 30° C.
and stirred for another 10 h. Next, the reaction mixture is
cooled down to about -30° C. followed by slow addition of 50
ml of distilled water. Then the mixture is heated again to 30°
C. and stirred for 10 h. Subsequently, liquid separation is
performed and an organic phase is taken out. An inorganic
phase is extracted with dichloromethane for three times, each
time with an amount of 20 ml of dichloromethane. The
organic phases are combined. The solvent is removed under
reduced pressure. Afterwards, 50 ml (1.205 g/ml) of nitroben-
zene is added and refluxed for about 18 h at 210° C. After
filtration, the nitrobenzene is removed under distillation at a
pressure lower than 10 mmHg to obtain a black viscous liquid
substance. A mixture solution of ethyl acetate and petroleum
ether with a volume ratio of 1:2 isused as an eluent to perform
silica column chromatography to the obtained black viscous
liquid substance, so as to obtain a brown product, which
weighs 1.9 g with a yield of 30%. The product, after nuclear
magnetic resonance analysis and mass spectrometry, is deter-
mined as the compound as referred to under a), i.e., 2-acetyl-
1,10-phenanthroline.

Mass spectrometry MS-EI: 222.
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Nuclear magnetic resonance analysis: 'HNMR (300 MHz,
CDCl,): 89.26 (d,J=3.9Hz, 1 H); 8.37 (5,2 H); 8.29 (d, J=8.1
Hz, 1 H); 8.7 (dd, J=8.7 Hz, 2 H); 7.69 (dd, J=7.8 Hz, 1 H),
3.09 (s, 3 H, CH,).

b) Synthesis of 2-acetyl-1,10-phenanthroline
(2,6-diethylanil) Ligand (See the Following Reaction
Procedure)

047 g (2.12 mmol) of 2-acetyl-1,10-phenanthroline
obtained in step a), 0.95 g (6.36 mmol) of 2,6-diethylaniline
with a molar ratio of 1:3, and 35 ml of toluene containing no
water or oxygen are put into a 100 ml, two-necked flask
having a manifold. The manifold is provided with a condenser
pipe. 0.01 g of p-toluene sulfonic acid is added and refluxed at
110° C. After 6 h of reaction, the solvent is removed under
reduced pressure. A mixture solution of ethyl acetate and
petroleum ether with a volume ratio of 1:4 is used as an eluent
to perform silica column chromatography to obtain a bright
yellow product, which weighs 0.61 g with ayield of81%. The
product, after nuclear magnetic resonance analysis, mass
spectrometry, and elemental analysis, is determined as the
compound as referred to under b), i.e., 2-acetyl-1,10-phenan-
throline (2,6-diethylanil).

Mass spectrometry MS-EI: 353.

Nuclear magnetic resonance analysis: 'HNMR (300 MHz,
CDCl,); 89.25 (dd, J=3.0 Hz, 1 H); 8.80 (d, J=8.3 Hz, 1 H);
8.35(d,J=8.3Hz, 1 H);8.27(dd, J=7.8 Hz, 1 H, 7.86 (s, 2H);
7.66 (m, 1 H); 7.15 (d, J=7.6 Hz, 2 H, 6.96 (, J=7.5 Hz, 1 H);
2.58 (5,3 H, CH,); 2.43 (m, 4 H, CH,CH,), 1.16 (t,J=7.5 Hz,
6 H, CH,CH,).

3C NMR (75 MHz, CDCl,); 8167.8, 156.2, 150.7, 148.0,
146.4,145.2,136.5,131.1,129.5,129.0, 127.5, 126.5, 126.0,
123.4,122.9,120.8, 24.6, 17.3, 13.7.

Elemental analysis: C,,H,;N; (353.46). Theoretical value:
C, 81.55; H, 6.56; N, 11.89. Measured value: C, 80.88; H,
6.59; N, 11.78.
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¢) Synthesis of 2-acetyl-1,10-phenanthroline
(2,6-diethylanil) FeCl, (See the Following Reaction
Procedure)

FeCl,
—_—

Under protection of nitrogen, 0.16 g (1.25 mmol) of FeCl,
is dissolved into 20 ml of tetrahydrofuran containing no water
or oxygen in a two-necked flask. 0.48 g (1.36 mmol) of
2-acetyl-1,10-phenanthroline (2,6-diethylanil) obtained in
step b) is separately dissolved into 20 ml of tetrahydrofuran
containing no water or oxygen. The above two solutions are
then combined under protection of nitrogen at room tempera-
ture. The reaction occurs immediately and the solution takes
on the color of ash black. The resultant is stirred overnight
under protection of nitrogen at room temperature. The reac-
tion is monitored by TL.C until the 2-acetyl-1,10-phenanthro-

26
under c), i.e., 2-acetyl-1,10-phenanthroline (2,6-diethylanil)
FeCl,, the elemental analysis of which is as follows.

Elemental analysis: C,,H,;Cl,FeN; (480.22). Theoretical
value: C, 60.09; H, 4.90; N, 8.76. Measured value: C, 60.03;
H, 4.83; N, 8.75.

2. The ethylene oligomerization process comprises the fol-
lowing specific steps. (1) The reaction system is replaced
through operations such as high temperature drying, vacuum
replacement, etc., so as to ensure an anhydrous and oxygen-

10 free reaction system. (2) The reaction system is replaced with

ethylene, so as to ensure an ethylene atmosphere in the reac-
tion system. (3) A reaction kettle is added with of water and
toluene as solvents, 1.37 ml of a toluene solution of Et;Al
(with a concentration of 715 pmol/ml), and 2 ml of a toluene

15 solution of 2-acetyl-1,10-phenanthroline (2,6-diethylanil)

FeCl, (with a concentration of 2.5 pmol/ml). As a result, the
total amount of the composition is 100 ml, wherein based on
weight of the organic solvent (i.e., toluene), the content of
water is 5 ppm, and the ratio of Al/Fe is 196. After adequate
stirring, ethylene is fed into the kettle to perform the oligo-
merization reaction. (4) The oligomerization reaction is kept
for 30 min under an ethylene pressure of 1 MPa at 30° C. (5)
The reaction is stopped, and a small amount of reaction prod-
uct is taken out for gas chromatography (GC) analysis. The
oligomerization activity is 0.68x10” g-mol(Fe)~*.~*. The oli-
gomers contain 28.21% of C,, 56.41% of C;to C,, 69.77%
(wherein a-olefins account for 98.1%) of C4 to Cg, and
2.01% of C,, to C,g. The remaining mixture is neutralized by
an ethanol solution acidified with dilute hydrochloric acid of
5%, and no polymers are obtained. The analysis results are
shown in Table 2.

Examples 14 to 24

35 The steps in Example 13 are repeated only with different

contents of water and reaction parameters. The data are
shown in Table 2.

Comparative Example 2

40

The steps of Example 13 are repeated only with O ppm of
water. The data are shown in Table 2.

TABLE 2
CerCie

Content Activity Linear

ofwater T Al/Fe (107g-mol C, CgC;o Content a-olefins Cy~Cog
Number (ppm) (°C) (mol) (Fe)™ b (%) (%) (%) (%) (%)
Example 13 5 30 196 0.68 2821 5614  69.77 98.1 2.01
Example 14 20 30 196 0.89 2790 5584 6993 98.2 2.17
Example 15 50 30 196 1.35 21.96 35048 7272 97.9 5.32
Example 16 120 30 196 1.28 22.02 3355 7424 97.5 3.74
Example 17 200 30 196 1.37 2299 4950 7181 97.6 5.20
Example 18 260 30 196 0.97 24.03 4933 71.09 97.8 4.88
Example 19 350 30 196 0.72 30.88 35695 6753 96.8 1.59
Example 20 200 0 196 1.26 2371 3020 7151 97.6 4.71
Example 21 200 -10 196 1.13 2145 4956  72.89 97.7 5.66
Example 22 200 -20 196 1.11 22,62 46.62 71.27 97.8 6.11
Example 23 200 50 196 0.78 2575 4823  69.15 97.4 5.10
Example 24 200 30 500 1.49 26.93 5031 69.20 98.4 3.87
Comparative 0 30 196 0.43 27.29 51.04 6932 95.3 3.39
Example 2

line (2,6-diethylanil) ligand substantially disappears. After
suction filtration and washing with anhydrous diethyl ether,
vacuum drying is performed to obtain a silver gray solid. The
obtained solid is determined as the compound as referred to

The data in Table 2 indicate that a high ethylene oligomer-

65 1zation activity is obtained in the presence of the catalyst

composition according to the present disclosure which com-
prises the main catalyst, i.e., the 2-acetyl-1,10-phenanthro-
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line (anil) FeCl, complex, the aluminum-containing cocata-
lyst, water, and the organic solvent. Moreover, high
selectivity of a-olefins, and rapid initiation, stable operation,
and good repeatability of the oligomerization reaction can be
obtained. Particularly, When the content of water ranges from
50 ppm to 200 ppm, the ethylene to oligomerization activity
exceeds 1x107 g'mol(Fe)™'.h~*. It is thus clear that the cata-
lyst having a content of water within the above range is
especially suitable for catalyzing ethylene oligomerization in
industrial production. Moreover, even when the ratio of Al to
Fe is rather low, a good oligomerization activity can still be
obtained. In addition, according to the present disclosure,
high oligomerization activity can still be obtained at a low
reaction temperature.

Example 25

1. Synthesis of a complex of
2-n-propyl-acyl-1,10-phenanthroline
(2,6-diethylanil) FeCl,

a) Synthesis of 2-n-propyl-acyl-1,10-phenanthroline

5.1 g (28.3 mmol) of 1,10-phenanthroline is put into a 250
ml, three-necked flask, and is dissolved into 100 ml of toluene
under protection of nitrogen and magnetic stirring. 13.5 ml
(d=0.82 g/ml, 70.9 mmol) of (n-C;H,); Al is dropwise added
into the three-necked flask under stirring at -60° C. in about
15 min, and the resulting mixture is stirred at the same tem-
perature for 18 h. Afterwards, the resulting mixture is heated
to about 30° C. and stirred for another 10 h. Next, the reaction
mixture is cooled down to about -30° C. followed by slow
addition of 50 ml of distilled water. Then the mixture is heated
again to 30° C. and stirred for 10 h. Subsequently, liquid
separation is performed and an organic phase is taken out. An
inorganic phase is extracted with dichloromethane for three
times, each time with an amount of 20 ml of dichloromethane.
The organic phases are combined. The solvent is removed
under reduced pressure. Afterwards, 50 ml (1.205 g/ml) of
nitrobenzene is added and refluxed for about 18 h at 210° C.
After filtration, the nitrobenzene is removed under distillation
at a pressure lower than 10 mmHg to obtain a black viscous
liquid substance. A mixture solution of ethyl acetate and
petroleum ether with a volume ratio of 1:2 is used as an eluent
to perform silica column chromatography to the obtained
black viscous liquid substance, so as to obtain a brown prod-
uct, which weighs 2.0 g with a yield of 30%. The product,
after nuclear magnetic resonance analysis and mass spec-
trometry, is determined as the compound as referred to under
a), i.e., 2-n-propyl-acyl-1,10-phenanthroline.

Mass spectrometry MS-EI: 236.

Nuclear magnetic resonance analysis: 'H NMR (400 MHz,
CDCl,): 89.26 (dd, J=1.72, 1 H); 8.33 (s, 2 H); 8.27 (dd,
J=1.68, 1 H); 7.86 (d, J=8.8, 1 H); 7.80 (d, J=8.8, 1H); 7.68
(dd, J=5.28,1 H); 3.67 (m, J=7.24, 2 H); 1.10 (t, J=7.4, 3 H).

b) Synthesis of 2-n-propyl-acyl-1,10-phenanthroline
(2,6-diethylanil) Ligand

0.50 g (2.12 mmol) of 2-n-propyl-acyl-1,10-phenanthro-
line obtained in step a), 0.95 g (6.36 mmol) of 2,6-diethyla-
niline with a molar ratio of 1:3, and 35 ml of toluene contain-
ing no water or oxygen are put into a 100 ml, two-necked flask
having a manifold. The manifold is provided with a condenser
pipe. 0.01 g of p-toluene sulfonic acid is added and refluxed at
110° C. After 6 h of reaction, the solvent is removed under
reduced pressure. A mixture solution of ethyl acetate and
petroleum ether with a volume ratio of 1:4 is used as an eluent
to perform silica column chromatography to obtain a bright
yellow product, which weighs 0.63 g with ayield of 81%. The
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product, after nuclear magnetic resonance analysis, mass
spectrometry, and elemental analysis, is determined as the
compound as referred to under b)), i.e., 2-n-propyl-acyl-1,10-
phenanthroline (2,6-diethylanil).

Mass spectrometry MS-EI: 367.

Nuclear magnetic resonance analysis: 'HNMR (400 MHz,
CDCl,): 89.25 (dd, J=2.96, 1 H); 8.66 (d, J=8.36, 1 H); 8.33
(d, J=8.36,1H); 8.28 (dd, I=7.84, 1H); 7.85 (dd, J=9.02, 2H);
7.65 (dd, J=4.36, 1 H); 7.15 (d, J=7.52, 2H); 7.06 (t, J=7.04,
1H); 3.01 (t, J=7.84, —CNCH,CH,, 2 H), 2.40 (m, J=7.52,
phCH,CH,, 2 H); 1.20 (t, J=7.30, phCH,CHj;, 6 H); 0.90 (t,
J=7.32, CH,CH,CN, 3 H).

Elemental analysis: C,sH,sN; (367.49). Theoretical value:
C, 81.71; H, 6.86; N, 11.43. Measured value: C, 81.66; H,
6.87; N, 11.47.

¢) Synthesis of 2-n-propyl-acyl-1,10-phenanthroline
(2,6-diethylanil) FeCl,

Under protection of nitrogen, 0.16 g (1.25 mmol) of FeCl,
is dissolved into 20 ml of tetrahydrofuran containing no water
or oxygen in a two-necked flask. 0.50 g (1.36 mmol) of
2-n-propyl-acyl-1,10-phenanthroline (2,6-diethylanil)
obtained in step b) is separately dissolved into 20 ml of
tetrahydrofuran containing no water or oxygen. The above
two solutions are then combined under protection of nitrogen
at room temperature. The reaction occurs immediately and
the solution takes on the color of ash black. The resultant is
stirred overnight under protection of nitrogen at room tem-
perature. The reaction is monitored by TLC until the 2-n-
propyl-acyl-1,10-phenanthroline  (2,6-diethylanil) ligand
substantially disappears. After suction filtration and washing
with anhydrous diethyl ether, vacuum drying is performed to
obtain a silver gray solid. The obtained solid is determined as
the compound as referred to under ¢), i.e., 2-n-propyl-acyl-1,
10-phenanthroline (2,6-diethylanil) FeCl,, the elemental
analysis of which is as follows.

Elemental analysis: C,sH,sCl,FeN; (494.24). Theoretical
value: C, 60.75; H, 5.10; N, 8.50. Measured value: C, 60.71;
11, 5.00; N, 8.53.

2. Ethylene Oligomerization

A stainless steel autoclave is added with toluene, water,
1.37 ml of atoluene solution of Et; Al (with a concentration of
715 pmol/ml) as the cocatalyst, and 2 ml of a toluene solution
of 2-n-propyl-acyl-1,10-phenanthroline (2,6-diethylanil)
FeCl, (with a concentration of 2.5 umol/ml) as the main
catalyst. As a result, the total amount of the composition is
100 ml, wherein the ratio of Al/Fe is 196, and based on weight
of'toluene, the content of water is 5 ppm. When the oligomer-
ization temperature reaches 30° C., ethylene is fed into the
autoclave. The reaction is kept for 30 min under stirring and
an ethylene pressure of 1 MPa. A small amount of reaction
product is taken out for GC analysis. The oligomerization
activity is 0.57x107 g-mol(Fe)™*.h™. The oligomers contain
12.92% of C,, 42.13% of C, to C,, 73.32% (wherein a-ole-
fins account for 97.6%) of C4 to Cq, and 13.76% of C,, to
C,s- The value of K is 0.63. The remaining mixture is neu-
tralized by an ethanol solution acidified with dilute hydro-
chloric acid of 5%, and no polymers are obtained. The analy-
sis results are shown in Table 3.

Examples 26 to 36
The steps in Example 25 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 3.

Comparative Example 3

The steps of Example 25 are repeated only with 0 ppm of
water. The data are shown in Table 3.
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TABLE 3

Content C~C,

ofwater T  AlFe Activity C; CgCp Content Linear Cy~Cog
Number (ppm) (°C.) (mol) (107 g-mol™-h™Y) (%) (%) (%) a-olefins (%) (%)
Example 25 5 30 196 0.57 1292 4213 73.32 97.6 13.76
Example 26 20 30 196 0.68 10.27  36.99 67.18 97.6 22.55
Example 27 50 30 196 1.04 9.82 3534  66.56 97.8 23.62
Example 28 120 30 196 0.97 9.52  36.99 67.18 96.2 21.73
Example 29 200 30 196 1.06 9.85 37.81 68.31 97.6 21.84
Example 30 260 30 196 0.66 9.4 3572 67.49 91.5 23.1
Example 31 350 30 196 0.51 8.06 29.35 58.47 96.1 33.47
Example 32 200 0 196 0.95 9.79 37.43 69.47 96.8 20.74
Example 33 200 -10 196 0.82 11.35 4037  73.25 97.8 15.4
Example 34 200 -20 196 0.8 11.64 3539 65.27 97.8 23.09
Example 35 200 50 196 0.67 1191 43.14  70.02 91.7 14.96
Example 36 200 30 500 1.18 8.38 34.02 65 98 26.63
Comparative 0 30 196 0.44 27.25 51.14  69.52 95.5 3.42
Example 3

The data in Table 3 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which com-
prises the main catalyst, i.e., the complex of 2-n-propyl-acyl-
1,10-phenanthroline (anil) FeCl,, the aluminum-containing
cocatalyst (such as Et;Al), water, and the organic solvent.
Moreover, high selectivity of a-olefins can be obtained.
Besides, even when the ratio of Al to Fe is rather low, the
catalyst of the present disclosure still possesses good oligo-
merization activity, and high oligomerization activity can still
be obtained at a low reaction temperature. Particularly, when
the content of water ranges from 50 ppm to 200 ppm, the
ethylene oligomerization activity approaches or exceeds
1x107 g'mol(Fe)~'.h~*. Itis thus clear that the catalyst having
a content of water within the above range is especially suit-
able for catalyzing ethylene oligomerization in industrial pro-
duction.

Example 37

2-butyryl-1,10-phenanthroline (2,6-diethylanil) FeCl, is
used as the main catalyst.
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It comprises the following specific steps in using the cata-
lyst composition for ethylene oligomerization. (1) The reac-
tion system is replaced through operations such as high tem-
perature drying, vacuum replacement, etc., so as to ensure an
anhydrous and oxygen-free reaction system. (2) The reaction
system is replaced with ethylene, so as to ensure an ethylene
atmosphere in the reaction system. (3) A reaction kettle is
added with a certain amount of hydrous toluene, 1.37 ml of a
toluene solution of Et,Al (with a concentration of 715 umol/
ml), and 2 ml of a toluene solution of 2-butyryl-1,10-phenan-
throline (2,6-diethylanil) FeCl, (with a concentration of 2.5
pumol/ml). As a result, the total amount of the composition is
100 ml. The content of water based on weight of the organic
solvent is 5 ppm, and the ratio of Al/Fe is 196. After adequate
stirring, ethylene is fed into the kettle to perform the oligo-
merization reaction. (4) The oligomerization reaction is kept
for 30 min under an ethylene pressure of 1 MPa at 30° C. (5)
The reaction is stopped, and a small amount of reaction prod-
uct is taken out for gas chromatography (GC) analysis.

In this example, the activity of the catalyst for catalyzing
the ethylene oligomerization is 0.57x107 g-mol(Fe)™*-h~'.
The oligomers contain 40.66% of C,, 47.77% of Cg to C,,
58.25% (wherein a.-olefins account for 97.2%) of C to Cq,
and 1.09% of C,, to C,5. The remaining mixture is neutral-
ized by an ethanol solution acidified with dilute hydrochloric
acid of 5%, and no polymers are obtained. The analysis
results are shown in Table 4.

Examples 38 to 48
The steps in Example 37 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 4.

Comparative Example 4

The steps of Example 37 are repeated only with O ppm of
water. The data are shown in Table 4.

TABLE 4
Content Activity Ce~Cy
ofwater T Al/Fe (107g-mol C, CgC;o Content Linear Cy~Cog
(ppm) (°C) (mol) (Fey' b (%) (%) (%) o-olefins (%) (%)
Example 37 5 30 196 0.57 40.66 4777 5825 97.2 1.09
Example 38 20 30 196 0.78 46.68 3650  50.32 97.2 3.00
Example 39 50 30 196 1.24 4392 3677 5241 98.1 3.68
Example 40 120 30 196 1.17 3173 47.22 6497 97.7 3.31
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TABLE 4-continued
Content Activity Ce~Cy
ofwater T Al/Fe (107g-mol C; CgC; Content Linear Cy~Cog
(ppm) (°C) (mol) (Fe)'-h™h) (%) (%) (%) o-olefins (%) (%)

Example 41 200 30 196 1.26 30.85 4391 60.24 96.0 8.91
Example 42 260 30 196 0.86 3431 44.12 61.42 96.7 4.26
Example 43 350 30 196 0.61 3230 46.76 64.35 96.9 3.35
Example 44 200 0 196 1.15 32.77 4654 63.40 96.8 3.83
Example 45 200 -10 196 1.02 31.52 4647 64.32 97.5 4.16
Example 46 200 -20 196 1.00 34.48 47.70 62.96 97.4 2.56
Example 47 200 50 196 0.67 36.26 44.98 59.59 96.9 4.15
Example 48 200 30 500 1.38 32.08 52.76 66.31 98.5 1.61
Comparative 0 30 196 0.32 27.81 45.83 66.69 98 55
Example 4

The data in Table 4 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which con-
tains water. More specifically, from comparisons between the
catalyst activity in Examples 37 to 43 to that in Comparative
Example 4, it is obvious that, under the same oligomerization
conditions, the activity of the catalyst composition according
to the present disclosure is 1.8 to 4 times of that of the catalyst
used in Comparative Example 4. Furthermore, the examples
according to the present disclosure obtain as high a selectivity
of a-olefins as Comparative Example 4 does. Particularly,
when the content of water ranges from 50 ppm to 200 ppm,
the ethylene oligomerization activity exceeds 1x10” g-mol
(Fe)~"-h~'.Itis thus clear that the catalyst having a content of
water within the above range is especially suitable for cata-
lyzing ethylene oligomerization in industrial production. In
addition, the oligomerization reaction according to the
present disclosure is of rapid initiation, stable operation, and
good repeatability.

Moreover, Table 4 shows that even when the ratio of Al to
Fe is as low as 196, the catalyst of the present disclosure still
has good activity for catalyzing the oligomerization reaction,
thereby significantly reducing costs of ethylene oligomeriza-
tion. Hence, the catalyst according to the present disclosure is
of high practicability and has broad prospects for industrial-
ization. Besides, the examples prove that according to the
present disclosure, high oligomerization activity can still be
obtained even at a low reaction temperature.

Example 49

1. Synthesis of 2-isobutyryl-1,10-phenanthroline
(2,6-diethylanil) FeCl, Ligand

a) Synthesis of 2-isobutyryl-1,10-phenanthroline

5.1 g (28.3 mmol) of 1,10-phenanthroline is put into a 250
ml, three-necked flask, and is dissolved into 100 ml of toluene
under protection of nitrogen and magnetic stirring. 13.7 ml of
(1-C,Hy); Al (d=0.82 g/ml, 56.6 mmol) is dropwise added into
the three-necked flask under stirring at —60° C. in about 15
min, and the resulting mixture is stirred at the same tempera-
ture for 18 h. Afterwards, the resulting mixture is heated to
about 30° C. and stirred for another 10 h. Next, the reaction
mixture is cooled down to about -30° C. followed by slow
addition of 50 ml of distilled water. Then the mixture is heated
again to 30° C. and stirred for 10 h. Subsequently, liquid
separation is performed and an organic phase is taken out. An
inorganic phase is extracted with dichloromethane for three
times, each time with an amount of 20 ml of dichloromethane.
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The organic phases are combined. The solvent is removed
under reduced pressure. Afterwards, 50 ml (1.205 g/ml) of
nitrobenzene is added and refluxed for about 18 h at 210° C.
After filtration, the nitrobenzene is removed under distillation
at a pressure lower than 10 mmHg to obtain a black viscous
liquid substance. A mixture solution of ethyl acetate and
petroleum ether with a volume ratio of 1:2 is used as an eluent
to perform silica column chromatography to the obtained
black viscous liquid substance, so as to obtain a brown prod-
uct, which weighs 2.1 g with a yield of 30%. The product,
after nuclear magnetic resonance analysis and mass spec-
trometry, is determined as the compound as referred to under
a), i.e., 2-isobutyryl-1,10-phenanthroline.

Mass spectrometry MS-EI: 250.

Nuclear magnetic resonance analysis: "H NMR (400 MHz,
CDCl,): 89.26 (dd, J=1.72, 1 H); 8.33 (s, 2 H); 8.27 (dd,
J=1.68, 1 H) 7.86 (d, J=8.8, 1 H); 7.80 (d, J=8.8, 1 H); 7.68
(dd, J=5.28, 1 H); 3.47 (m, J=7.24,1 H); 1.10 (d, I=7.4, 6 H).

b) Synthesis of 2-isobutyryl-1,10-phenanthroline
(2,6-diethylanil) Ligand

0.53 g (2.12 mmol) of 2-isobutyryl-1,10-phenanthroline
obtained in step a), 0.95 g (6.36 mmol) of 2,6-diethylaniline
with a molar ratio of 1:3, and 35 ml of toluene containing no
water or oxygen are put into a 100 ml, two-necked flask
having a manifold. The manifold is provided with a condenser
pipe. 0.01 g of p-toluene sulfonic acid is added and refluxed at
110° C. After 6 h of reaction, the solvent is removed under
reduced pressure. A mixture solution of ethyl acetate and
petroleum ether with a volume ratio of 1:4 is used as an eluent
to perform silica column chromatography to obtain a bright
yellow product, which weighs 0.65 g with ayield of81%. The
product, after nuclear magnetic resonance analysis, mass
spectrometry, and elemental analysis, is determined as the
compound as referred to under h), i.e., 2-isobutyryl-1,10-
phenanthroline (2,6-diethylanil).

Mass spectrometry MS-EI: 381.

Nuclear magnetic resonance analysis: "H NMR (400 MHz,
CDCl,): 89.25 (dd, J=2.96, 1 H); 8.66 (d, J=8.36, 1 H); 8.33
(d, J=8.36, 1 H); 8.28 (dd, I=7.84, 1 H); 7.85 (dd, J=9.02, 2
H); 7.65 (dd, J=4.36, 1 H); 7.15 (d, J=7.52, 2 H); 7.06 (t,
J=7.04, 1 H); 3.01 (m, J=7.84, —CNCH(CH,),, 1 H); 2.40
(m, J=7.52, phCH,CH,, 4 H); 1.58 (d, J=7.44, —CNCH
(CH,),, 6 H); 1.20 (t, J=7.30, phCH,CHj,, 6 H).

Elemental analysis: C,sH,,N; (381.51). Theoretical value:
C, 81.85; H, 7.13; N, 11.01. Measured value: C, 81.36; H,
7.23; N, 10.55.

¢) Synthesis of 2-isobutyryl-1,10-phenanthroline
(2,6-diethylanil) FeCl,

Under protection of nitrogen, 0.16 g (1.25 mmol) of FeCl,
is dissolved into 20 ml of tetrahydrofuran containing no water
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or oxygen in a two-necked flask. 0.52 g (1.36 mmol) of
2-isobutyryl-1,10-phenanthroline (2,6-diethylanil) obtained
in step b) is separately dissolved into 20 ml of tetrahydrofuran
containing no water or oxygen. The above two solutions are
then combined under protection of nitrogen at room tempera-
ture. The reaction occurs immediately and the solution takes
on the color of ash black. The resultant is stirred overnight
under protection of nitrogen at room temperature. The reac-
tion is monitored by TL.C until the 2-isobutyryl-1,10-phenan-
throline (2,6-diethylanil) ligand substantially disappears.
After suction filtration and washing with anhydrous diethyl

5
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Examples 50 to 56

The steps in Example 49 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 5.

Comparative Example 5

The steps of Example 49 are repeated only with O ppm of
water. The data are shown in Table 5.

TABLE 5
CirCie

Content Linear

ofwater T  AlFe Activity C; CgCy, Content a-olefins Co~Cog
Number (ppm) (°C.) (mol) (107 g-mol™t-h7hH (%) (%) (%) (%) (%)
Example 49 5 30 196 0.52 20.6 4849 7224 98.2 7.15
Example 50 20 30 196 0.63 2237 5024  74.88 98 6.03
Example 51 50 30 196 0.99 22.09 4577 6596 97.8 11.95
Example 52 120 30 196 0.92 2144 35241 74.05 98 4.51
Example 53 200 30 196 1.01 2148 46.71 70.66 97.2 7.85
Example 54 260 30 196 0.61 21.1 4976 72.32 97 6.58
Example 55 350 30 196 0.46 19.86  47.55  71.73 97 8.42
Example 56 200 0 196 0.9 2023 4923 7275 97.7 7.02
Example 57 200 -10 196 0.77 2233 3514 72.98 96 4.69
Example 58 200 -20 196 0.75 2235 4972 70.87 97.4 6.78
Example 59 200 50 196 0.62 2176 50.09 7249 98.1 5.75
Example 60 200 30 500 1.13 23.02 49.68 71.24 98.7 5.74
Comparative 0 30 196 0.38 254 329 71.3 91.3 33
Example 5

ether, vacuum drying is performed to obtain a silver gray
solid. The obtained solid is determined as the compound as
referred to under c), i.e., 2-isobutyryl-1,10-phenanthroline
(2,6-diethylanil) FeCl,, the elemental analysis of which is as
follows.

Elemental analysis: C,cH,,Cl,FeN; (508.26). Theoretical
value: C, 61.44; H, 5.35; N, 8.27. Measured value: C, 61.79;
H, 5.60; N, 8.13.

2. The ethylene oligomerization reaction specifically com-
prises the following steps. (1) A stainless steel reaction kettle
is replaced through operations such as high temperature dry-
ing, vacuum replacement, etc., so as to ensure an anhydrous
and oxygen-free reaction system. (2) The reaction kettle is
replaced with ethylene, so as to ensure an ethylene atmo-
sphere in the reaction system. (3) The reaction kettle is added
with water and toluene under adequate stirring. (4) 1.37 ml of
a toluene solution of Et;Al (with a concentration of 715
mol/ml) is added into the reaction kettle. (5) 2 ml of a toluene
solution of 2-isobutyryl-1,10-phenanthroline (anil) FeCl,
(with a concentration of 2.5 pmol/ml) is added into the reac-
tion kettle, ensuring a Al/Fe ratio of 196 and a water content
of'5 ppm based on weight of toluene. Then ethylene is fed into
the reaction kettle to perform the oligomerization reaction.
(6) The oligomerization reaction is kept for 30 min under an
ethylene pressure of 1 MPa at 30° C. (7) The reaction is
stopped, and a small amount of reaction product is taken out
for gas chromatography (GC) analysis. The oligomerization
activity is 0.52x107 g-mol(Fe)~'.h~. The oligomers contain
20.6% of C,, 48.49% of C4to C, , 72.24% (wherein ct-olefins
account for 98.2%) of C4to C,4,and 7.15% of C,, to C, 4. The
value of K is 0.63. The remaining mixture is neutralized by an
ethanol solution acidified with dilute hydrochloric acid of
5%, and no polymers are obtained. The analysis results are
shown in Table 5.
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The data in Table 5 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which com-
prises the main catalyst, i.e., the 2-isobutyryl-acyl-1,10-
phenanthroline (anil) FeCl, complex, the aluminum-contain-
ing cocatalyst (such as Et;Al), water, and the organic solvent.
Moreover, high selectivity of a-olefins can be obtained.
Besides, even when the ratio of Al to Fe is rather low or when
the reaction temperature is low, the oligomerization activity is
still high. Particularly, when the content of water ranges from
50 ppm to 200 ppm, the ethylene oligomerization activity
approaches 1x107 g-mol(Fe)~*.h~". It is thus clear that the
catalyst having a content of water within the above range is
especially suitable for catalyzing ethylene oligomerization in
industrial production.

Example 61

2-benzoyl-1,10-phenanthroline (2,6-diethylanil) FeCl, is
used as the main catalyst.

It comprises the following specific steps in using the cata-
lyst composition for ethylene oligomerization. (1) The reac-
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tion system is replaced through operations such as high tem-
perature drying, vacuum replacement, etc., so as to ensure an
anhydrous and oxygen-free reaction system. (2) The reaction
system is replaced with ethylene, so as to ensure an ethylene
atmosphere in the reaction system. (3) A reaction kettle is
added with a certain amount of hydrous toluene, 1.37 ml of a
toluene solution of Et; Al (with a concentration of 715 umol/
ml), and 2 ml of a toluene solution of 2-benzoyl-1,10-phenan-
throline (2,6-diethylanil) FeCl, (with a concentration of 2.5
umol/ml). As a result, the total amount of the composition is
100 ml. The content of water based on weight of the organic
solvent is 5 ppm, and the ratio of Al/Fe is 196. After adequate
stirring, ethylene is fed into the kettle to perform the oligo-
merization reaction. (4) The oligomerization reaction is kept
for 30 min under an ethylene pressure of 1 MPa at 30° C. (5)
The reaction is stopped, and a small amount of reaction prod-
uct is taken out for gas chromatography (GC) analysis.

In this example, the activity of the catalyst for catalyzing
the ethylene oligomerization is 0.52x107 g-mol(Fe)™*.h~*.
The oligomers contain 21.44% of C,, 52.41% of Cy to C,,
74.05% (wherein a-olefins account for 98%) of C,to C, ¢, and
4.51% of C,, to C,g. The remaining mixture is neutralized by
an ethanol solution acidified with dilute hydrochloric acid of
5%, and no polymers are obtained. The analysis results are
shown in Table 6.

Examples 62 to 72
The steps in Example 61 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 6.

Comparative Example 6

The steps of Example 61 are repeated only with 0 ppm of
water. The data are shown in Table 6.
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when the content of water ranges from 50 ppm to 200 ppm,
the ethylene oligomerization activity exceeds 1x10” g-mol
(Fe)™'.h~*. It is thus clear that a catalyst having a content of
water within the above range is especially suitable for cata-
lyzing ethylene oligomerization in industrial production. In
addition, the oligomerization reaction according to the
present disclosure is of rapid initiation, stable operation, and
good repeatability.

Moreover, Table 6 shows that even when the ratio of Al to
Fe is as low as 196, the catalyst of the present disclosure still
has good activity for catalyzing the oligomerization reaction,
thereby significantly reducing costs of ethylene oligomeriza-
tion. Hence, the catalyst according to the present disclosure is
of high practicability and has broad prospects for industrial-
ization. Besides, the examples prove that, according to the
present disclosure, high oligomerization activity can still be
obtained even at a low reaction temperature.

Example 73

A 2,6-diacetyl pyridine (o-toluid) FeCl, complex is used as
the main catalyst.

It comprises the following specific steps in using the cata-
lyst composition for ethylene oligomerization. (1) The reac-

TABLE 6
CrCie
Content Activity Linear
ofwater T Al/Fe (107g-mol C; CgC;, Content a-olefins Cyo~Cog
(ppm) (°C.) (mol) (Fe)™'-h™) (%) (%) (%) (%) (%)

Example 61 5 30 196 0.52 21.44 5241 74.05 98 451
Example 62 20 30 196 0.73 22.03 5226 72.71 98 5.27
Example 63 50 30 196 1.19 24.18 4552 66.32 97.7 9.5
Example 64 120 30 196 1.12 2242 49.21 71.33 98 6.25
Example 65 200 30 196 1.21 27.03  53.67 71.97 98.2 1
Example 66 260 30 196 0.81 19.5 4413 69.52 98.3 10.98
Example 67 350 30 196 0.56 20.43 4512 69.81 98.1 9.76
Example 68 200 0 196 1.1 20.4 4529 69.75 98.2 9.85
Example 69 200 -10 196 0.97 18.85 4255 69.35 98 11.79
Example 70 200 -20 196 0.95 18.36 49.74  75.62 98.2 6.02
Example 71 200 50 196 0.62 23.24  49.69 72.65 97.8 4.11
Example 72 200 30 500 1.33 20.6 484 75.03 98.3 4.37
Comparative 0 30 196 0.27 19.44 5055 75.34 97.9 5.23
Example 6

The data in Table 6 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which con-
tains water. More specifically, from comparisons between
catalyst activity in Examples 61 to 67 to that in Comparative
Example 6, it is obvious that, under the same oligomerization
conditions, the activity of the catalyst composition according
to the present disclosure is 2 to 4.5 times of that of the catalyst
used in Comparative Example 6. Furthermore, the examples
according to the present disclosure obtain as high a selectivity
of a-olefins as Comparative Example 6 does, Particularly,
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tion system is replaced through operations such as high tem-
perature drying, vacuum replacement, etc., so as to ensure an
anhydrous and oxygen-free reaction system. (2) The reaction
system is replaced with ethylene, so as to ensure an ethylene
atmosphere in the reaction system. (3) A reaction kettle is
added with a certain amount of hydrous toluene, 1.37 ml of a
toluene solution of Et;Al (with a concentration of 715 pmol/
ml), and 2 ml of a toluene solution of the 2,6-diacetyl pyridine
(o-toluid) FeCl, complex (with a concentration of 2.5 pmol/
ml). As aresult, the total amount of the compositionis 100 ml.
The content of water based on weight of the organic solvent is
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5 ppm, and the ratio of Al/Fe is 196. After adequate stirring,
ethylene is fed into the kettle to perform the oligomerization
reaction. (4) The oligomerization reaction is kept for 30 min
under an ethylene pressure of 1 MPaat30° C. (5) The reaction
is stopped, and a small amount of reaction product is taken out
for gas chromatography (GC) analysis. The remaining mix-
ture is neutralized by an ethanol solution acidified with dilute
hydrochloric acid of 5%, and no polymers are obtained. The
data are shown in Table 7.

Examples 74 to 84

The steps in Example 73 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 7.

Comparative Example 7

The steps of Example 73 are repeated only with 0 ppm of
water. The data are shown in Table 7.
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It comprises the following specific steps in using the cata-
lyst composition for ethylene oligomerization. (1) The reac-
tion system is replaced through operations such as high tem-
perature drying, vacuum replacement, etc., so as to ensure an
anhydrous and oxygen-free reaction system. (2) The reaction
system is replaced with ethylene, so as to ensure an ethylene
atmosphere in the reaction system. (3) A reaction kettle is
added with a certain amount of hydrous toluene, 1.37 ml of a
toluene solution of Et;Al (with a concentration of 715 pmol/
ml), and 2 ml of a toluene solution of the 2-benzoxazolyl-6-
acetyl (2,6-diethylanil) FeCl, complex (with a concentration
of 2.5 umol/ml). As a result, the total amount of the compo-

TABLE 7

Content Ce~Cig
of Linear
water T AlFe Activity C; CgCy, Content a-olefins Cro~Cog
Number (ppm) (°C.) (mol) (10" g mol(Fey™'-h™Y) (%) (%) (%) (%) (%)
Example 73 5 50 196 0.56 29.13  57.12 9.65 94.5 1.22
Example 74 20 50 196 0.72 26.35 55.53  71.03 95.4 2.62
Example 75 50 50 196 1.42 17.32 5233 75.24 96.8 7.44
Example 76 120 50 196 1.56 18.13 5523  76.24 97.2 5.63
Example 77 200 50 196 1.22 19.01 5132 7421 96.2 6.78
Example 78 260 50 196 0.54 21.43 52.03 7181 95.4 6.76
Example 79 350 50 196 0.24 26.52 5822  70.06 94.7 3.42
Example 80 120 40 196 1.14 19.18 5233  74.85 96.9 5.97
Example 81 120 20 196 0.83 22.65 4823 7257 96.6 4.78
Example 82 120 10 196 0.71 24.53 45.14  70.25 95.1 5.22
Example 83 120 70 196 0.92 23.15 49.12  70.59 97.3 6.26
Example 84 120 50 500 1.33 22.87 5172 70.90 97.1 6.23
Comparative 0 50 196 0.12 26.20 51.52  70.02 94.1 3.78
Example 7

The data in Table 7 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which com-
prises the main catalyst, i.e., the 2,6-diacetyl pyridine
(o-toluid) FeCl, complex, the aluminum-containing cocata-
lyst (such as Et; Al), water, and the organic solvent. Moreover,
high selectivity of a-olefins can be obtained. The catalytic
activity of the oligomerization reaction system reaches as
high as 1.56x107 g-mol(Fe)™'.h~", which is 10 times higher
than the catalytic activity under the same conditions only with
the catalyst containing no water. Besides, even when the ratio
of Al to Fe is rather low, the oligomerization activity is still
high. Particularly, when the content of water ranges from 50
ppm to 200 ppm, the ethylene oligomerization activity
exceeds 1x107 g-mol(Fe)~'.h~". It is thus clear that the cata-
lyst having a content of water within the above range is
especially suitable for catalyzing ethylene oligomerization in
industrial production.

Example 85

A 2-benzoxazolyl-6-acetyl (2,6-diethylanil) FeCl, com-
plex is used as the main catalyst.
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sition is 100 ml. The content of water based on weight of the
organic solvent is 5 ppm, and the ratio of Al/Fe is 196. After
adequate stirring, ethylene is fed into the kettle to perform the
oligomerization reaction. (4) The oligomerization reaction is
kept for 30 min under an ethylene pressure of 1 MPa at 30° C.
(5) The reaction is stopped, and a small amount of reaction
product is taken out for gas chromatography (GC) analysis.
The remaining reaction mixture is neutralized by an ethanol
solution acidified with dilute hydrochloric acid of 5%, and no
polymers are obtained. The data are shown in Table 8.

Examples 86 to 96

The steps in Example 85 are repeated only with different
contents of water and reaction parameters. The data are
shown in Table 8.

Comparative Example 8

The steps of Example 85 are repeated only with 0 ppm of
water. The data are shown in Table 8.
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Experiment results of ethylene oligomerization

CeCis

Content Activity Linear
ofwater T Al/Fe (107g-mol C, CgCyo Content a-olefins Cyo~Cog
(ppm) (°C) (mol) (Fe)'-h™h) (%) (%) (%) (%) (%)

Example 85 5 30 196 0.43 41.22 4734  58.20 96.4 0.58
Example 86 20 30 196 0.66 45.32  36.78 53.98 96.1 0.70
Example 87 50 30 196 0.91 44,52 37.05 54.66 97.3 0.82
Example 88 100 30 196 1.08 31.50  47.28 65.84 96.3 2.66
Example 89 200 30 196 0.95 31.68 44.21 62.99 95.4 533
Example 90 260 30 196 0.63 3544  44.62 60.70 96.1 3.86
Example 91 350 30 196 0.42 3456 47.21 63.30 96.1 2.14
Example 92 100 0 196 0.97 33.90 45.62 62.75 95.2 3.35
Example 93 100 -10 196 0.86 32.65 46.58 63.33 96.2 4.02
Example 94 100 -20 196 0.71 35.80 48.22 61.68 96.1 2.52
Example 95 100 40 196 0.52 36.16 44.81 61.81 95.8 2.03
Example 96 100 30 500 1.01 34.64 5222 64.29 97.6 1.07
Comparative 0 30 196 0.09 30.82  46.80 65.62 97.3 3.56
Example 8

The data in Table 8 indicate that a high ethylene oligomer-
ization activity is obtained in the presence of the catalyst
composition according to the present disclosure which com-
prises the main catalyst, i.e., the 2-benzoxazolyl-6-acetyl
(2,6-diethylanil) FeCl, complex, the aluminum-containing
cocatalyst (such as Et,Al), water, and the organic solvent.
Moreover, high selectivity of a-olefins can be obtained. The
catalytic activity of the oligomerization reaction system
reaches as high as 1.08x10” g-mol(Fe)~'.h~*, which is 10
times higher than the catalytic activity under the same con-
ditions only with the catalyst containing no water. Besides,
even when the ratio of Al to Fe is rather low, the oligomer-
ization activity is still high. Particularly, when the content of
water ranges from 50 ppm to 200 ppm, the ethylene oligo-
merization activity exceeds 1x107 g-mol(Fe)~*.h~". It is thus
clear that the catalyst having a content of water within the
above range is especially suitable for catalyzing ethylene
oligomerization in industrial production.

The above data prove that when used in ethylene oligomer-
ization, the catalyst composition according to the present
disclosure can promote a high oligomerization activity, with
high selectivity of a-olefins. Even the oligomerization is car-
ried out with rather a low ratio of Al/Fe or at a low reaction
temperature, high oligomerization activity can still be
obtained.

It should be noted that the above examples are only used to
explain, rather than to limit the present disclosure in any
manner. Although the present disclosure has been discussed
with reference to preferable examples, it should be under-
stood that the terms and expressions adopted are for describ-
ing and explaining instead of limiting the present disclosure.
The present disclosure can be modified within the scope of the
claims, or can be amended without departing from the range
or spirits of the present disclosure. Although the present dis-
closure is described with specific methods, materials, and
examples, the scope of the present disclosure herein disclosed
should not be limited by the particular disclosed examples as
described above, but can be extended to other methods and
uses having the same functions.

The invention claimed is:

1. A catalyst composition for ethylene oligomerization,
comprising an imino ferrous complex shown in Formula (II)
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as a main catalyst, an aluminum-containing cocatalyst, water,
and an organic solvent,

an

wherein R is selected from the group consisting of hydro-
gen, oxygen, and (C,-C,,) linear alkyl, (C;-C,,)
branched alkyl, (C4-C,,) aryl, (C,-C,) aralkyl, and (C,-
C,,) alkaryl groups; and R' is selected from the group
consisting of substituted or unsubstituted (C-C,,) aryl,
(C,-C,) aralkyl, and (C,-C,,) alkaryl groups,

wherein based on weight of the organic solvent, the catalyst
composition has a content of water in a range from 5 to
450 ppm.

2. The catalyst composition according to claim 1, wherein
the main catalyst imino ferrous complex has a general for-
mula as shown in Formula (II):

an

wherein R is selected from the group consisting of hydro-
gen, and (C,-Cy) linear alkyl, (C5-C) branched alkyl,
(Cs-C, o) aryl, (C,-C,,) aralkyl, and (C,-C,,) alkaryl
groups; or R' is selected from the group consisting of
substituted or unsubstituted phenyl, naphthyl, (C,-C,)
aralkyl, and (C,-C,,) alkaryl groups.
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3. The catalyst composition according to claim 1, wherein
the main catalyst imino ferrous complex has a general for-
mula as shown in Formula (I1I):

(1)

Ry

Rs

R3

R4

wherein R, to R each are independently selected from the
group consisting of hydrogen, (C ,-C) alkyl groups,
halogens, (C,-C,) alkoxy or nitro groups; and R is
selected from the group consisting of hydrogen, (C,-C;)
linear alkyl, (C5-Cy) branched alkyl, (C4-C, ) aryl, (C,-
C,,) aralkyl, and (C,-C,,) alkaryl groups.

4. The catalyst composition according to claim 3, wherein
in Formula (I1T), R is selected from the group consisting of
hydrogen, and methyl, ethyl, propyl, isopropyl, butyl, isobu-
tyl, tert-butyl, pentyl, phenyl, benzyl, tolyl, and phenethyl
groups; and R, to R each are independently selected from the
group consisting of hydrogen, methyl, ethyl, n-propyl, and
isopropyl groups, fluorine, chlorine, bromine, and methoxy,
ethoxy and nitro groups.

5. The catalyst composition according to claim 4, wherein
R, and R both are ethyl groups, and R, to R, are all hydrogen.

6. The catalyst composition according to claim 1, wherein
based on weight of the organic solvent, the catalyst compo-
sition has a content of water in a range from 5 to 350 ppm.

7. The catalyst composition according to claim 1, wherein
based on weight of the organic solvent, the catalyst compo-
sition has a content of water in a range from 20 to 260 ppm.

8. The catalyst composition according to claim 1, wherein
based on weight of the organic solvent, the catalyst compo-
sition has a content of water in a range from 50 to 200 ppm.

9. The catalyst composition according to claim 1, wherein
amolar ratio of aluminum in the cocatalyst to iron in the main
catalyst ranges from 30:1 to less than 900:1.

10. The catalyst composition according to claim 1, wherein
amolar ratio of aluminum in the cocatalyst to iron in the main
catalyst ranges from 100:1 to 700:1.

11. The catalyst composition according to claim 1, wherein
amolar ratio of aluminum in the cocatalyst to iron in the main
catalyst ranges from 148:1 to 196:1.
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12. The catalyst composition according to claim 1, wherein
the aluminum-containing cocatalyst is selected from the
group consisting of aluminoxanes and alkylaluminum com-
pounds.

13. The catalyst composition according to claim 12,
wherein the alkylaluminum compounds have a general for-
mula of AIR X, wherein R is a linear or branched (C,-Cy)
alkyl group; and X is a halogen, with n being an integral
ranging from 1 to 3, m an integral ranging from 0 to 2, and
m+n=3.

14. The catalyst composition according to claim 13,
wherein the halogen is chlorine or bromine; or the alkylalu-
minum compounds are selected from the group consisting of
trimethylaluminum, triethylaluminum, tripropylaluminum,
triisobutylaluminum, tri-n-hexyl aluminum, tri-n-octyl alu-
minum, diethyl aluminum chloride, and ethyl aluminum
dichloride.

15. The catalyst composition according to claim 12,
wherein the aluminoxanes are (C,-C,) alkylaluminoxanes
with linear or branched (C,-C,) alkyl groups.

16. The catalyst composition according to claim 10,
wherein the aluminoxanes are selected from the group con-
sisting of methylaluminoxane, modified methylaluminoxane,
ethylaluminoxane, and isobutyl aluminoxane.

17. The catalyst composition according to claim 1, wherein
based on volume of the organic solvent, the catalyst compo-
sition has a content of the main catalyst in a range from 2 to
500 pmol/L.

18. The catalyst composition according to claim 1, wherein
based on volume of the organic solvent, the catalyst compo-
sition has a content of the main catalyst in a range from 20 to
100 umol/L..

19. The catalyst composition according to claim 1, wherein
the organic solvent is selected from the group consisting of
toluene, cyclohexane, diethyl ether, tetrahydrofuran, ethanol,
benzene, xylene, and dichloromethane.

20. A process for ethylene oligomerization, comprising
performing the ethylene oligomerization in the presence of
the catalyst composition according to claim 1.

21. The process according to claim 20, wherein the process
is performed at a temperature in the range from -20 ° C. to
150°C.

22. The process according to claim 20, wherein the process
comprises mixing the main catalyst and the cocatalyst under
ethylene atmosphere.

23. The process according to claim 20, wherein the process
is performed at a temperature in the range from 0 ° C to 80 °©
C.

24. The process according to claim 20, wherein the process
is performed at a temperature in the range from 5 ° Cto 35 °
C.



